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Abstract
This thesis reports the results o f the investigation on the practical implementation of 
the Intelligent Quadrifilar Helix Antenna (IQHA). The research work has covered 
many aspects on practical issues for utilising the IQHA at the mobile terminal. The 
investigations were carried out through simulations and measurements, with main 
emphasis on the measurement results such that mobile phone manufacturers can 
utilise and progress directly to product development. The research work is divided 
into three parts, namely, the QHA structure, the intelligent algorithm and the 
development and performance evaluation of the IQHA demonstrator.
One o f the challenges was to reduce the physical size of the conventional Quadrifilar 
Helix Antenna (QHA) structure, such that it is small enough to be implemented onto a 
mobile terminal device. The QHA structure also needs to be able to operate in more 
than one frequency band. The QHA structure was successfully reduced by more than 
50% using the meander line technique with slight reduction in efficiency and 
tremendous increase in operating bandwidth. The spur-line band-stop filter technique 
is used to create dual resonance for the reduced size QHA structure. These two 
techniques have been patented and can both be applied independently.
The intelligent algorithm for the IQHA is studied through simulations. An adaptive 
combining algorithm based on Least Means Squares (LMS) is proposed to perform 
real-time diversity combining and is implemented into the micro-controller o f the 
IQHA demonstrator. It was observed through measurements in the downlink that the 
IQHA is able to perform diversity combining and cancellation o f deep fades in real­
time. hi the uplink, the real time demonstrator uses the micro-controller to feed the 
appropriate weights through the digital phase shifters on the individual branches of 
the IQHA system to perform beam steering. The approach relies on producing a 
variable radiation pattern by adjusting the phase relationship between the individual 
elements o f the IQHA. Beam steering gains relative to the standard QHA 
configuration were observed using the optimised weighting configurations.
Key words: Intelligent Quadrifilar Helix Antenna, Meander-Line Printed Quadrifilar 
Helix Antenna, Intelligent Antennas, Mobile Communications, Diversity Combining, 
Beam Steering, Spur-Line Band Stop Filter
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Introduction
Chapter 1 
Introduction
1.1 Motivation
Recently, there has been an increased pressure on Global System Mobile (GSM) 
technology to achieve a fast migration towards 3rd generation (3G) mobile technology. 
As mobile communications evolve, there is an increasing demand on the service 
quality and capacity. In a 3G mobile technology system, the mobile terminal is 
expected to provide higher data rates to support multimedia services such as, video 
messaging and video calling. The antenna is an important element in providing these 
uninterrupted services with a stable gain in any possible environment. To 
accommodate the higher data rates, a system needs to significantly improve the 
signal-to-noise ratio (SNR) or the signal-to-noise plus-interference ratio (SNIR). 
Essentially, the system must overcome multipath fading, polarisation mismatch, and 
interference. In order to achieve these requirements, an adaptive or ‘intelligent’ and 
highly efficient system is required. In the pursuit o f schemes that will provide a 
solution to these problems, lots o f attention has been turned on using advanced 
antenna techniques, namely: adaptive or intelligent antenna.
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The implementation o f intelligent antenna can improve the reliability, service quality 
and capacity o f a mobile communication system. Firstly, diversity combining 
techniques can be applied on a multiple antenna array in order to combine the signals 
in such a way to mitigate multipath fading. Secondly, adaptive beam steering 
techniques can be applied to produce multiple, narrower radiation beams that points 
towards the desired directions and at the same time presenting a null towards the 
undesired direction, hence increasing the SINR o f the system.
Over the past decade, many researchers [Bac97], [Str97], [HorOO], [Jen98] have 
investigated the use o f intelligent antennas at the base station to achieve a greater 
capacity increase. Such an increase in capacity has a direct impact in reducing the 
overall infrastructure cost o f the system.
However, in the recent years, attention has been focused on implementing intelligent 
antennas at the mobile terminal. Some researchers [Dou98], [KoOl] [Bra99] have 
proposed diversity combining at the mobile terminals and have shown that significant 
performance can be achieved. Dietrich et al. [DieOO] investigated the use o f compact 
antenna arrays on mobile terminals to perform adaptive beamforming. The 
investigation demonstrated that using the differences in angular distribution and 
phases o f multipath signals allows an adaptive receiving array to distinguish between 
two transmitters. These results demonstrated that by employing adaptive 
beamforming, the SNIR o f a mobile communication system is significantly enhanced. 
More recently, it was proposed that even higher spectral efficiencies could be 
achieved when antenna arrays are implemented at both the base station and the mobile 
terminal [Haa03]. Such a system is often referred as a multiple input multiple output 
(MIMO) system. It has been shown that the theoretical capacity o f these systems 
grows linearly with the size o f  the antenna arrays in sufficiently rich multipath 
environments.
In the recent years, the Intelligent Quadrifilar Helix Antenna (IQHA) was proposed 
within the author’s research centre as a new antenna concept to maximize the 
communication link quality o f a mobile communication system. It was invented and 
patented by Agius and Saunders [Agi99a], The research work in the past few years 
has included theoretical analysis, numerical modeling, laboratory tests and 
propagation trials in a variety o f real world environments [Agi99a], [Agi98], [Lea99], 
[Lea99a], [LeaOO], [Suv99]. Beyond this initial research work, network operators,
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mobile terminal manufacturers and base station manufacturers have identified the 
IQHA as having significant commercial potentials. These interests are the key 
motivations that lead to the case study o f this research work in which the author 
carried out further research and developments into the practical implementation issues 
o f the IQHA for mobile terminals.
1.2 Objectives
The overall aim o f this research is to study the generic issues o f  the IQHA antenna 
technology and its user terminal applications in the approach that is suitable for use on 
a terrestrial mobile terminal. The results o f this study will lead to the creation o f a 
generic design approach, which manufacturers o f mobile terminal can follow and 
progress directly to product development. The emphasis is on achieving results 
through measurements. This is achieved by creating a real-time demonstrator which 
will operate at frequencies in the 1.8 GHz regions. The key objectives are listed 
below:
• Design a high level system architecture for the IQHA demonstrator and 
to create a system specification o f the IQHA for operation in DCS 1800 
scenarios.
• Study and propose techniques for creating a reduced size, multi-band 
QHA structure that can be incorporated in the mobile terminal and 
operate in both DCS 1800 and Universal Mobile Telecommunications 
System (UMTS) environments.
• Improve the overall SNR of the communication link through 
investigations and developments o f diversity combining algorithm and 
beam steering techniques.
• Identify a suitable weighting system and the digital signal processing 
platform.
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• Upon fulfilling all the above objectives, design and develop a real-time 
demonstrator, which operates at DCS 1800 band and demonstrate its 
capabilities in an anechoic chamber.
1.3 Novel Contributions And Achievements
In the course o f this research, a novel miniaturised intelligent antenna system 
allowing multipath fades to be effectively eliminated in a mobile wireless system has 
been proposed. Subsequently, the system was verified through simulations and 
implementation o f a real-time demonstrator. As a result the following novel 
contributions and achievements have been produced:
• Conception o f the system architecture for the IQHA demonstrator.
• Proposed and investigated a size reduction technique for a QHA 
structure.
• Proposed a dual-band frequency response technique for the QHA 
structure.
• Proposed and implemented an adaptive combining algorithm for real­
time diversity combining o f the IQHA.
• Measurement o f the beam steering performance o f the IQHA and 
investigation o f the Specific Absorption Rate (SAR) contribution.
•  Designed, developed and implemented the IQHA demonstrator.
• Measurement o f the diversity performance o f the real-time IQHA 
demonstrator, in which real-time diversity combining was 
demonstrated through successful cancellation of deep fades.
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1.4 Publications And Patent
The study o f this research has led to a patent which is currently under negotiation for 
commercial licensing and also a number o f publications:
• CHEW, K.C.D., and SAUNDERS, S.R.: “Improvements relating to 
multifilar helix antenna,” UK Patent Filing, Application No.
0204014.5, Feb 2002
•  CHEW, K.C.D., and SAUNDERS, S.R.: ‘Meander Line Technique for 
Size Reduction o f Quadrifilar Helix Antenna’. IEEE Antennas and 
Wireless Propagation Letters, vol. 1, No. 5, 2002
• BROWN, T.W.C., CHEW, K.C.D., and SAUNDERS, S.R.: ‘Analysis 
o f the diversity potential o f an Intelligent Quadrifilar Helix Antenna’. 
12th International Conference on Antennas and Propagation, 31st Mar. - 
3rd Apr. 2003, Conference Publication No. 4 9 1 IEE 2003
• CHEW, K.C.D., and SAUNDERS, S.R.: ‘Uplink beamsteering using 
the Intelligent Quadrifilar Helix Antenna’. 12 th International 
Conference on Antennas and Propagation, 31st Mar. - 3rd Apr. 2003, 
Conference Publication No. 491 DEE 2003
The following publications were also submitted and currently under review:
• CHEW, K.C.D., and STAVROU, S.: ‘The intelligent quadrifilar helix 
antenna real-time demonstrator’. Submitted for publication in IEEE 
Communications Magazine Special Issue on Adaptive Antennas and 
MIMO Systems for Wireless Communications.
•  CHEW, K.C.D., and STAVROU, S.: ‘Real-time diversity performance 
o f the intelligent quadrifilar helix antenna’. Submitted for publication 
in IEEE Transactions in Antennas and Propagation.
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• CHEW, K.C.D., MORFIS, L, MAVRAKIS, D., and STAVROU, S.: 
‘Quadrifilar helix antenna for MIMO systems’. Submitted for 
publication in IEEE Antennas and Wireless Propagation Letters
1.5 Structure Of The Thesis
This thesis is divided into nine chapters, the first being this introduction in which the 
overview, objectives o f the research, novel contributions, achievements and 
publications were presented.
An overview o f the intelligent antenna technology is given in Chapter 2. The chapter 
begins with an introduction that presents the general idea o f the intelligent antenna 
system. Basic concepts and published work on intelligent antenna for base stations 
and mobile terminals is also presented. The concept and potential o f the IQHA is 
presented in full details and the background work is also highlighted.
Chapter 3 begins with a study on the fundamental limitations o f small antennas and 
some background work on size reduction techniques for antennas. The meander line 
technique was proposed to reduce the size o f the conventional QHA structure. Its 
usefulness is demonstrated through measurements and analysis.
In Chapter 4, multi-band techniques for antennas are studied and the spur-line band 
stop filter technique was proposed to create dual-band characteristic for the QHA 
structure. The outcome o f these two chapters has led to the creation o f a patent and a 
journal publication.
Chapter 5 investigates a suitable adaptive combining algorithm to be implemented 
into the IQHA demonstrator to perform real-time diversity combining. The 
investigation is carried out through simulations using existing real-channel data 
collected from a measurement campaign and a classical channel model in a TDMA 
system.
The uplink performance o f the IQHA is investigated in Chapter 6. The investigation 
is carried out though simulations to identify suitable weights for the IQHA to direct 
high gain towards the desired directions and reduced gain towards the unwanted 
directions. •
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In Chapter 7, the development o f the IQHA demonstrator is described in full detail. 
This chapter begins with a discussion on the high-level system architecture o f the 
IQHA demonstrator in which three possible design solutions were proposed. The 
hardware implementations and tests are presented. The implementation of the 
adaptive combining algorithm studied in Chapter 5 is implemented into a micro­
controller. Finally the system integration and calibration method o f the IQHA 
demonstrator is presented.
In Chapter 8, the performance o f the IQHA real-time demonstrator is evaluated 
through measurements. From the uplink simulations in Chapter 6, the identified 
weights are used onto the IQHA real-time demonstrator to evaluate its performance 
through measurements in an anechoic chamber. The Specific Absorption Rate (SAR) 
is also monitored and the results are presented. The downlink performance was also 
evaluated in a controlled environment, in which the anechoic chamber was modified 
to create multipath conditions. The measurement results obtained suggest significant 
improvements in performance can be achieved when the real-time diversity 
combining is implemented.
Finally, Chapter 9 concludes the thesis and provides suggestions and proposes ideas 
for future work in this area o f research.
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Chapter 2 
Intelligent Antenna Technology
2.1 Introduction
In the world o f wireless communication systems, the antenna contributes an important 
role through which radio frequency (RF) energy is delivered from the transmitter to 
the outside world for transmit purposes, and vice versa for receive purposes. To date, 
wireless technologies are constantly generating new products and services and large 
amount o f money and effort has been spent on semiconductors and software 
technologies. The antenna has been the most neglected o f all components, yet it has 
significant influence to the improvements o f spectral efficiency and the service 
quality o f a communication network. Recently, a new era o f antenna research 
recognised as the intelligent antenna technology has been identified as the last 
technology frontier that has the potential o f leading to significant improvements in 
mobile communication systems performances.
Fundamentally, an intelligent antenna system consists of an antenna array, RF 
hardware and digital signal processing unit that controls the array pattern according to 
its operating environment using an optimum algorithm. The processing results in a 
signal that has enhanced quality when compared with the signal associated with a
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single non-intelligent antenna. Over the past years, the emergence o f very fast and 
low cost digital signal processors (DSP) and new algorithms for processing signals 
have made intelligent antennas a practical possibility for mobile communication 
systems.
A classical comparison o f a conventional three-sector antenna system, with an 
intelligent antemia system is shown in Figure 2.1. In the case of a conventional sector 
antenna system, three antennas are used to cover a fixed sector o f 120 degrees in all 
directions. The antenna provides a broad radiation beam pattern that covers the entire 
sector providing equal gain for both the desired mobile and the interferer. This is 
necessary as the location o f the user is unknown.
On the other hand, the intelligent antenna system as shown in Figure 2.1 (b), produces 
multiple narrower radiation beam patterns that focus the maximum power only in the 
direction o f the desired mobile station while providing less gain or null in the 
direction o f the interferer. During the uplink and downlink operation, improved 
coverage and range extension benefits are achieved. At the same time, the narrower 
selected beams also reduce interference at both the base station and the mobile station, 
increasing the system signal-to-interference ratio (SIR) level and offering the 
opportunity for greater capacity by tighter frequency reuse [Bac97]. It was discussed 
in [Bac97] that the SIR o f the system is improved by 6 dB when the performance o f a 
12-beam intelligent antenna system is compared with the conventional three-sector 
antenna system. Alternatively, the SIR o f the conventional system for frequency 
reuse, K  = 7 can be maintained, while increasing frequency reuse to IC = 4 with a 12- 
beam system. This increase in frequency reuse permits a 75% increase in the number 
o f radio channels at the cell site and a corresponding doubling o f the overall 
subscriber capacity for the cell site.
This chapter therefore presents existing work on intelligent antenna technology that 
has been studied and published by different institutions and organisations. This 
chapter begins with section 2.2, which presents the basic concepts and the currently 
studied work on intelligent antennas at the base station. Section 2.3 provides the same 
overview for the mobile terminals. Section 2.4 presents a brief concept and the 
benefits o f employing intelligent antennas at both base stations and mobile.terminals. 
Finally, section 2.5 presents the concept o f the Intelligent Quadrifilar Helix Antennas
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(IQHA) [Agi99a] and the background work that has been carried out in the University 
o f Surrey, which lead to further study and development for this research work.
Mobile 3
Mobile 3
Interferer
(a) Conventional three-sector antenna system
Interferer
(b) Intelligent antenna system 
Figure 2.1 Base station configuration
2.2 Intelligent Antenna At The Base Station
Intelligent antennas deployed at the base station sites are often realised as switched 
beam systems, adaptive antenna systems [Bac97] and diversity systems [DieOO], An
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illustration o f the switched beam system and the adaptive antenna system is given in 
Figure 2.2
Output
signal
Beam  former 
weights
(b)
Figure 2.2 Intelligent antennas at the base station
(a) switched beam system (b) adaptive antenna system
2.2.1 Switched Beam Systems
The switched beam antenna system is an extension of the conventional three-sector 
antenna system, in which it further subdivides into multiple fixed beams with 
increased sensitivity in particular directions. During its operation, this antenna system 
utilise a scanning receiver to detect the signal strength and choose from one o f the 
several predetermined, fixed beams and switch from one beam to another as the 
mobile moves throughout the sector. Switched beam systems combine the outputs of 
multiple antennas in such a way as to form finely sectorised beams with more spatial 
selectivity than can be achieved with conventional three-sector antenna systems. The 
implementation o f switched beam system requires only a fixed Beam Forming 
Network (BFN), an RF switch, and control logic to select a particular beam. In this
11
Intelligent Antenna Technology
configuration, there are N  numbers o f predetermined weights that can be selected for 
each receiver using the RF switch. Switched beam systems require only moderate 
interaction with the base station receiver, which appeals to manufacturers wishing to 
supply ‘applique’ solutions. Comparing to conventional three-sector antenna systems, 
switched beam systems can provide enhanced coverage through range extension at a 
fraction o f complexity and expenses. This expense can be balanced with the 
considerable amounts o f infrastructure costs that can be saved by implementing lesser 
base stations.
Shade and Kowalski examined the use o f a fixed switched multi-beam array 
intelligent antenna system [Sha94], via simulations and measurements. The 
intelligent antenna system consists o f four beams in each 120° sector. The beams 
have a 30° 3 dB horizontal beamwidth and are separated by 30°. The simulation was 
carried out using the Lee [Sau99a] and terrain based Longley-Rice [ParOO] 
propagation models, and the results show that the intelligent antenna system, exhibits 
an overall SIR improvement o f 6 dB compared to the conventional three sector 
antenna system. Experimental measurements were also carried out to verify its 
performance, and the results confirm the achieved improvements.
However, there are some limitations for the switched beam systems. As the beams 
are predetermined, the signal strength decreases accordingly as the mobile moves 
away from the base station. Another limitation is that a switched beam system does 
not distinguish between a desired mobile and an interferer if  they are in the same 
sector, h i fact, if  the interferer is nearer to the base station than the desired mobile, 
the interferer can receive more enhanced signal than the desired mobile station.
2.2.2 Adaptive Antenna Systems
hi an adaptive antenna system, digital signal processing is employed to form nulls to 
the direction o f the interferer and steer beam to the direction o f the desired mobile as 
shown in Figure 2.2 (b). The adaptive antenna system uses advanced algorithm to 
distinguish between the desired signals and interfering signals. It continuously adapts 
with the incoming signal and updates its transmit strategy as the location o f the 
desired mobile station and the interferer changes. Multiple antenna elements are 
required and connected to each transmitter and receiver. For an TV-element adaptive
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array, it can suppress up to (N -l) interferers [Sau99b]. The ability to continuously 
track the desired mobile stations with main lobes and interferers with nulls ensures 
that the link budget is constantly maximised.
More advanced adaptive techniques such as Spatial Filtering for Interference 
Reduction (SFIR) and Space Division Multiple Access (SDMA) were reported in 
[Tso99]. These techniques often serve as a hybrid multiple access technique, 
complementing Time Division Multiple Access (TDMA), Frequency Division 
Multiple Access (FDMA) and Code Division Multiple Access (CDMA).
The principle o f SFIR is that it supports one user in each o f the co-channel cells o f the 
reuse pattern employed, and through interference reduction in the spatial domain to 
achieve a lower cell repeat pattern. Since the level o f interference is reduced, so the 
reuse distance can be decreased, therefore the system capacity is increased. In SFIR, 
the sectors are much smaller and variable to the location o f the desired mobile station 
compared to a conventional antenna system.
With SDMA, the system can communicate with multiple mobiles in the same cell on 
the same frequency, time and code channel by exploiting the spatial separation o f the 
users [Sau99b], This is viewed as a dynamic sectorisation approach where the mobile 
station defines its own sector as it moves. Since this approach allows more users to 
be supported within a limited spectrum allocation, SDMA can lead to improved 
capacity. The performance o f SDMA systems was compared through simulation in 
terms o f blocking rate performance as a function of traffic [OgaOl]. The simulation 
results shows that the blocking rate performance o f SDMA with 10 channels is close 
to that of the system without SDMA using 20 channels, concluding that SDMA 
contributes to efficient frequency usage.
SDMA systems were also studied and evaluated in practical applications by [ChoOO] 
and [Tso98]. [ChoOO] presented the required techniques for actualising a SDMA 
system such as suitable hardware configuration and user discrimination algorithm. 
Cho suggested that the main hardware concern is the antenna arrangement and the 
element location yielding the minimum spatial correlation coefficient should be 
optimal. By avoiding mutual coupling, Cho proposed that a radius o f approximately 
0.5 wavelengths is optimal for the three-element circular array, yielding the minimum 
spatial correlation for an indoor environment. In order to perform user discrimination
13
Intelligent Antenna Technology
using SDMA, the information o f the angle o f arrival is obtained using the control 
channel and channel allocation is determined by considering the angle separation 
between the users.
The SDMA technique was studied extensively and demonstrated in field trials under 
the RACE TSUNAMI project [Tsu98]. The field trials were performed separately in 
the outdoor and indoor environment for both uplinks and downlinks o f a Digital 
Enhanced Coreless Telecommunications (DECT) system. In an outdoor urban 
environment supporting two stationary users, more than 10 dB improvement in power 
was achieved with the adaptive antenna compared to a single element antenna. The 
direction o f arrival (DOA) prediction using M ultiple Signal Classification (MUSIC) 
algorithm was also successfully demonstrated for two moving users with an 
instantaneous bit error rate (BER) o f less than 10 ’ throughout the measurements. In 
an indoor environment, the MUSIC algorithm approach did not perform as well as in 
the outdoor environment. This is mainly due to the increase multipath rays with 
similar strengths reaching the base station at wide varying angles. In the indoor 
environment, the optimum combining and the switched beam approach outperformed 
the MUSIC algorithm.
2.2.3 Benefits And Limitations Of Adaptive Antenna Systems
The implementation o f adaptive antenna systems at the base station contributes to a 
large number o f benefits as summarised in Figure 2.3.
Figure 2.3 Benefits o f adaptive antenna systems
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The key benefit from exploiting the adaptive antenna is improvement in SIR. The 
main advantage o f interference reduction can either be exploited into capacity 
enhancement or range extension, which will be presented in this section. Extensive 
discussion on other benefits is out o f the scope o f this thesis, and more detailed 
discussions can be found in [Tso99] and [Leh99].
As discussed in section 2.2.2, the gain achieved from the adaptive antenna system can 
increase the coverage range compared to the conventional base station antenna 
system. This can be demonstrated through the equations below. The power received 
from the mobile station at the base station in the uplink is given by [Lib99],
Py = Pt + Gms + Gi,s -  PL (2.2-1)
Where Pr = Base station received power (dB)
Pt =  Mobile station transmit power (dB)
Gms = Gain o f mobile station antenna (dB)
Gbs = Gain o f base station antenna (dB)
PL - P L  {do) - lOwlog
\ d o J
PL(do) = Free space path loss at a reference distance do 
(dB)
n = Path loss exponent, depending on the
operating environment
do = Reference distance (m)
/• = Range between transmitter and receiver (m)
By increasing the gain at the base station, the link can tolerate a greater path loss, so 
rearranging equation 2.2-1,
r = d0
r PtGmsGbsPL(d0) ^
v
(2 .2-2)
j
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Therefore, by tolerating a greater path loss, the transmit and receive range can be 
increased.
Another major advantage o f adaptive antennas is the capacity enhancement. As 
discussed in previous sections, the main characteristic o f the adaptive antenna is to 
simultaneously increase the desired received signal and reduce the interference level. 
Consequently, the overall SIR level is increased. In TDMA systems, the implication 
o f the increase SIR allows the system to rechannelise and reuse the frequency 
channels more frequently than conventional antenna systems, hi CDMA systems, the 
intelligent antenna allows less power to be transmitted in both uplink and downlink, 
reducing the Multiple Access Interference (MAI), which increases the number of 
mobile user supported in each cell [Leh99].
Although an adaptive antenna system at the base station can offer a number o f 
benefits, there are also limitations and tradeoffs [Leh99] that an antenna engineer 
needs to consider. Compared to conventional antenna systems at the base station, the 
adaptive antenna systems require a more complex transceiver. The complexities 
include: separate transceiver with real-time calibration for every antenna element, and 
digital signal processors implemented with an efficient algorithm for accurate signal 
tracking and optimisation. With the increase number of antenna elements and the 
required minimum element spacing of 0.5 wavelengths, the physical size o f the 
adaptive antenna system will be increased. This can pose implementation problem, as 
there is a growing public demand for less visible base stations. The capacity of 
SDMA can also be limited by the capabilities o f the adaptive array and the 
characteristics of the channel. When two mobiles have a small angular separation, the 
base station produces overlapping beams, and as a result it is impossible to separate 
the mobiles completely. Sometimes in a heavily multipath environment, the 
scattering nature o f the propagation channel can cause the signal received from the 
mobile to broaden in arrival angle, making them overlap even if  the mobiles have 
some angular separation.
2.2.4 Diversity Antenna Systems
Diversity antennas are commonly deployed at the base stations to overcome Rayleigh 
fading caused by the multipath environment in mobile communication systems
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[DieOO], [Per98]. Diversity antennas are usually implemented at the receive end of 
the communication link by adding extra components such as multiple antennas and 
combiner. Sometimes adaptive retransmission (transmit diversity) can be deployed, 
but the discussion in this section will focus only at the receiver end. It is well known 
that the implementation o f diversity antenna system provides two major benefits: (1) 
it increases the received signal power by adjusting the antenna characteristics; (2) it 
mitigates multipath fading, which often occurs in mobile communication channels.
The basic concept o f a diversity antenna system [Sau99c] as illustrated in Figure 2.4 
is that the receiver will have more than one version o f the transmitted signal, where 
each version is received through a distinct channel. In each channel the fading is 
intended to be mostly independent so that the probability o f deep fades are very much 
reduced. The two main criteria that are required to achieve a high degree of 
improvement from a diversity system are: low cross-correlation between the 
individual antenna branches, and almost equal mean power for each branch.
Modulator
Transmitter
1
11
Channel 1
....!Channel 2 Diversity
Combiner■ 11 > Demodulator■■■
•i•
Channel N
Receiver
ii
Figure 2.4. Diversity channel model
Diversity offers improvement to the fading channels by using the appropriate 
combining techniques. The three diversity combining techniques are shown in Figure
2.5. The simplest form is the selection combining technique shown in Figure 2.5(a). 
In selection combining, the diversity system monitors the output signal from each 
individual branch and selects the branch, which instantaneously has the highest SNR. 
Therefore the larger number o f antennas the higher the probability o f acquiring a 
larger SNR at the output. In equal gain combining, all the incoming signals are co-
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phased prior to summing, such that they add coherently to achieve maximum diversity 
gain. This technique is illustrated in Figure 2.5(b). Using this technique, the gains of 
all branches are set to the same value and are not changed thereafter. Finally, 
maximum ratio combining takes the best advantage o f all the diversity branches in the 
system as it choose the branch weights such that the output SNR is maximised. 
Figure 2.5(c) illustrates this configuration where all the branches are weighted with 
respect to their instantaneous SNR. The overall SNR at the output o f the combiner is 
essentially the sum of the SNRs o f the individual branches.
Monitor 
and select 
highest
SNR
N
(b) Equal gain combining
V  W,
^  ^  R eceiver'
(c) Maximum ratio combining 
Figure 2.5. Diversity combining techniques
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Antenna diversity is most effective in flat fading channels, where the signal is affected 
similarly over its bandwidth. Flat fading occurs in narrowband systems with 
propagation distances o f up to several kilometres and in wideband systems over 
channels with small delay spreads, for example indoor environment [DieOl].
Diversity techniques are often divided into three different classes: space, angle and 
polarisation.
Receive Antennas
Transmit Antenna
/
2 - 3  metres
(a)
Figure 2.6. A typical three-sector base station configuration: (a) Space diversity 
installation; (b) Polarisation diversity installation [DieOO]
In spatial diversity systems, the correlation between the individual branches is a 
function o f spacing between the antennas; the general trend is that correlation 
decreases with increasing antenna spacing. In a macrocell environment, the angular 
spread at the base station antenna is very different from the mobile station. The 
signals at the antenna elements o f the base station are correlated whereas at the mobile 
station they are uncorrelated. In order to achieve sufficient diversity, the antennas at 
the base station are normally separated by several wavelengths, hence increasing the 
size o f the array [Per98], For this reason, spatial diversity is not commonly deployed 
at the outdoor base station. In [DieOO], polarisation diversity was proposed to replace 
a typical three-sector spatial diversity base station antenna system. As illustrated in 
Figure 2.6, the result is a smaller base station structure that produces similar
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performance. The three sector base station with space diversity consists o f two 
spatially separated receive antennas covering the same angular region and one 
transmit antenna per sector, therefore a total o f nine antennas are required; whereas in 
the polarisation diversity installation, only three antennas are required. As shown in 
the inset o f Figure 2.6(b), the slant ± 45° configuration is implemented, as it was 
reported in the literature [DieOO] that this configuration performs slightly better (~1 
dB) than the Vertical/Horizontal (V/H) configuration, due to the balanced mean 
powers between channels.
[Per98] proposed angle diversity as an alternative implementation to space diversity 
for a conventional triangular tower base station in an urban environment, hr angle 
diversity, antennas with narrow beamwidths were positioned in different angular 
directions or regions. The performances o f angle diversity were compared to that of 
space diversity at 850 MHz in dense urban and rural mobile communication 
environments. The measurements were carried out by transmitting a continuous wave 
(CW) signal to the base station location site. At the base station location site, the 
received signals strength (RSS) from the mobile transmitted signal was recorded and 
offline processing was carried out to analyse the diversity performance. The results 
show that the performance o f angle diversity compares closely with the traditional 
space diversity in the urban environment, hi the rural environment, the angle 
diversity did not work as effectively as space diversity. This is because in the rural 
environment there is a large difference in mean signal level, which degraded the angle 
diversity performance.
2.2.5 Advances In The Research On Intelligent Antennas At The Base Station
Over the years, many researchers have investigated the use o f intelligent antennas at 
the base station. To date, the research works in this area include simulations, 
measurements in mobile communication environments and implementation 
techniques.
Jeng et al. [Jen98] carried out an experimental evaluation o f an intelligent antenna 
system performance for a wireless communication system. The experiment focused 
on comparing the diversity gain of an intelligent antenna array with varying numbers 
o f antenna elements for uplink and downlink transmission and the performance o f
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different algorithms for downlink transmission. The results show that by increasing 
the number o f antenna elements in the system the diversity gain increases for both 
uplink and downlink operation. Four algorithms for downlink beam forming were 
investigated: the dominant DOA algorithm, pseudoinverse DOA algorithm, complex 
conjugate spatial signature (SS) algorithm, and the pseudoinverse SS algorithm. The 
investigation on the SIR performance found that all the four algorithms perform well 
when the mobile users had adequate angular separation. But only the pseudoinverse 
SS algorithm performs well when the mobile imits have small angular separations. In 
fact, the pseudoinverse spatial signature technique achieved the best SIR performance 
among all the algorithms when the mobile station is stationary. However, all the 
algorithms failed when the mobile imits were moved even slightly.
A concept o f a software antenna with application to a base station for mobile 
communication systems was proposed in [Kar97] which instantly reconfigures itself 
adapting its software and hardware to changes in the radio environment. This is 
achieved through automatic and dynamic changes in both the software (algorithms) 
and hardware (logic circuitry). It is based on the advent o f reconflgurable Field 
Programmable Gate Arrays (FPGAs), which have a function o f instantaneous 
rewriting logic circuits in operation. The practical reality o f this concept software 
antenna is still under research and development.
The key techniques for actualising smart antenna hardware were discussed in [HorOO]. 
The antenna, transmitter, receiver and digital signal processors are the main hardware 
required for smart antenna implementation. The configuration o f the antenna array 
suitable for a sheet microcell environment was investigated. A broadside array with a 
wide inter-element spacing that produces a narrow radiation pattern beam was 
proposed to place perpendicular to the sheet. The narrow radiation pattern beam has 
an advantage o f separating the long delayed waves from the desired wave. Hori et al. 
suggested using an Automatic Calibration method using a Transmitting signal (ACT). 
Using this method, the transmission signal is divided by directional couplers and 
circulated to the receiver. This allows real-time calibration to be achieved in both 
Frequency Division Duplex (FDD) and Time Division Duplex (TDD) systems, and 
the transmitting pattern is able to match the receiving pattern accurately.
An intelligent antenna test system was designed at 1.8 GHz [Sh97] for integration 
with an existing DCS 1800 basestation. The weighting and summing o f the received
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signals were performed at RF to provide the possibility o f using an existing 
basestation as the receiver. The demonstrations were performed in a laboratory in a 
controlled environment. The result shows more than 30 dB improvements in carrier- 
to-interference ratio (CIR).
Takashi [OHI02] presented an overview o f analog smart antenna for beamforming 
applications. The main purpose o f the analog smart antenna is to simplify the 
configuration o f adaptive array antennas. In particular, the frequency downconverters 
and analog to digital converters are no longer needed. Takashi also highlighted that 
the key techniques for the success with analog smart antennas are to employ a simple 
hardware topology, to choose an optimal criterion, and to install a fast convergence 
adaptation algorithm. The inherent inaccuracy o f analog devices should be 
automatically compensated by using an appropriate criterion and feedback control.
[ChrOl] proposed to use the Radial Basis Fimction Neural Network (RBFNN) 
algorithm for performing direction finding and beamforming for multiple signals. 
The algorithm operates in two stages. The field o f view o f the antenna array is 
divided into spatial sectors; each network is then trained in this first stage to detect 
signals emanating from sources in this sector. According to the outputs o f the first 
stage, one or more networks o f the second stage can be activated so as to estimate the 
exact location o f the sources. The result demonstrates that energy is effectively 
directed towards the desired directions and nulls towards the interfering sources.
Lim and Lee [Lim02] proposed an adaptive beamforming algorithm using the pilot 
and traffic channel on the reverse link o f a cdma2000 system. The algorithm updates 
the weight vector by applying the constant modulus algorithm (CMA) to the traffic 
channel and the Least Mean Squares (LMS) algorithm to the pilot channel. The 
calculated weight vector is applied to the traffic channel at traffic symbol rate. The 
simulation results show that the proposed algorithm is more robust against channel 
estimation errors than the conventional algorithm that only uses the pilot channel for 
weight vector update.
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2.3 Intelligent Antenna At The Mobile Terminals
The intelligent antennas that were discussed so far were considered mainly for base 
station applications, because o f high system complexity and high power consumption. 
However, some works has also been undertaken for application of intelligent antennas 
on the mobile terminals [Dou98], [KoOl], [DieOl], [Bra99]. Due to the compact size 
and the limited battery capacity, intelligent antennas at the mobile terminals should 
have low circuit complexity and low power consumption. To justify employment of 
intelligent antenna techniques at the mobile terminals, the performance gain should be 
large enough to offset the additional cost and power consumption.
Over the past years, diversity antennas for mobile terminal have been widely 
investigated. The most common occurrence o f this is in the Personal Digital 
Communications (PDC) network deployed in the Far East [JamOl]. Mobile terminals 
designed for this network often consist o f a main antenna, like any other handset and 
also a smaller diversity antenna. Such a combination gives scope for a dual branch 
diversity system consisting o f some spatial, angular and polarisation diversity.
Some researchers have proposed diversity antenna at the mobile terminal and have 
shown that significant performance can be achieved.
Douglas et al. [Dou98] investigated, via numerical modeling the use o f polarisation 
diversity on a microstrip antenna compared to a monopole antenna at 856 MHz. Two 
microstrip patch antennas were mounted on the mobile terminals and fed separately to 
transmit and receive both the 'horizontal polarisation (HP) and vertical polarisation 
(VP) in a mobile communication environment. It was reported that correlation 
coefficients were below 0.5 in the suburban and urban scenarios, indicating that both 
modes are sufficiently uncorrelated for diversity operation.
ICo and Murch [KoOl] presented a compact two feed ports diversity antemia design 
that is based on merging a XI4 slot antenna with a X/4 monopole antenna to give a 
single compact structure for mobile terminals. The pattern from the monopole 
produces a standard vertically polarised field, while the slot produces a horizontally 
polarised field. It was revealed through measurements that the signal cross 
correlations were less than 0.1 and that the power difference between ports was less 
than 3 dB, indicating that good diversity can be achieved.
23
Intelligent Antenna Technology
Dietrich et al. [D ied ] examined the effects o f spatial, polarisation, and pattern 
diversity for mobile terminal applications. The investigations were carried out 
through measurements performed at 2.05 GHz using the handheld antenna array 
testbed (HAAT). The measurements were carried out in four different types of 
channels namely: Line o f Sight (LOS), Non Line o f Sight (NLOS), Urban Canyon 
(UC) and Outdoor-to-Indoor (01). The data collected from these measurements were 
processed offline. The results show that envelope correlations below 0.7 were 
observed in all channels by all spatial, polarisation, and pattern diversity 
configurations that had spacing greater than 0.1 wavelengths. Diversity gain o f 8 to 9 
dB in NLOS indoor and outdoor channels were achievable with antenna spacing of 
0.1 to 0.15 wavelengths. The measurement results also showed that polarisation 
diversity configurations can increase SNR by 12 dB or more in certain cases by 
eliminating polarisation mismatch.
Prototype 1 Prototype 2
Figure 2.7 Schematic illustrations o f prototypes 1 and 2 where antennas A and B of 
each handset are indicated in the figure [Bra99]
Braun et al. evaluated the performance o f two-branch antenna diversity on mobile 
terminals in talk position, i.e. in the presence o f a phantom head and hand at 1.8 GHz 
[Bra99]. The evaluation was carried out by measuring the three dimensional (3D) 
complex radiation patterns from each antenna and the diversity performance was 
calculated from urban, indoor and isotropic scattering environments. The antenna 
configurations used in the studies are shown in Figure 2.7, in which in both cases
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consist o f one external antenna and one in built antenna. The calculated diversity gain 
for both setups were about 9 dB for selection combining at 1% outage level.
Green and Jensen [GreOO] studied the diversity performance o f two dual-antenna 
mobile terminals operating indoor at 915 MHz. In this study, the influence o f the 
operator tissue on the mobile terminal antenna diversity performance is considered. 
The two dual-antenna diversity mobile terminal configurations are shown in Figure 
2.8. The diversity performances were evaluated for both selection and equal gain 
combining schemes. The results show that the operator tissue reduces the mean 
effective gain (MEG) of each branch by 3-5 dB, however has little influence on the 
correlation coefficient and the measured diversity gain. The measured results showed 
that at 1 % outage probability level, equal gain combining achieves a diversity gain 
between 9-10 dB, while selection combining offers diversity gain o f 8-10 dB.
Monopale
\
Mouthpiece Monapole
(a)
PIFA
Mouthpiece Monopole
(b)
Figure 2.8. Two dual-antenna diversity handset configurations, (a) 
Monopole/mouthpiece monopole, (b) PIFA/mouthpiece monopole. [GreOO]
Dietrich et al. [DieOO] demonstrated adaptive beamforming using compact antenna 
arrays on a handheld terminal. The demonstration was carried out via an adaptive 
beamforming measurement campaign in rural, suburban, and urban channels, with 
two mutually interfering transmitters. Offline data processing was carried out on the 
collected data. The investigation demonstrated that over 20dB of interference
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rejection is possible, indicating that in a system using handheld terminals equipped 
with adaptive arrays, more than one user can share a frequency channel during the 
same time slot.
In [KimOl], a dual intelligent antenna with adaptive combining at the mobile terminal 
for the 3GPP WCDMA system was proposed to minimise inter-cell interference. The 
normalised least mean square (NLMS) algorithm was employed to perform the 
adaptive combining. The simulation results indicate that performance gain of 3 to 5 
dB were achievable compared to a single antenna system.
It was found by measurements [AgiOO] that, with a single monopole antenna mounted 
on a small ground plane and situated close to a head, that the radiation in the direction 
blocked by the head had reduced signal strengths o f the order o f 30 dB. Two 
monopole antennas spaced 25mm apart at 1.8 GHz were modelled on a typical 
handset structure. The two monopoles antenna array was used to form nulls towards 
the head and increase directivity in the useful direction, demonstrating the potential of 
using an array on the mobile terminal.
The use o f directional antennas for the mobile terminal was also demonstrated in 
[Nog96] using an array o f 4 dipoles. The analysis was carried out at 1.5 GHz and the 
geometry and dimension o f the analysis model are shown in Figure 2.9. The overall 
radiation patterns o f omni-directional antennas located close to the user’s head were 
compared with those o f directional ones, and the results suggest that the shadow 
behind the head for the omni-directional antennas is almost as dark for the directional 
antennas. '
Figure 2.9. Geometry and dimensions for analysis model
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2.4 Intelligent Antennas At Both Base Station and Mobile Terminals
So far the implementation o f intelligent antennas at the basestations and mobile 
terminals were examined separately. The advantages o f these intelligent antenna 
systems include increased antenna gain, diversity gain, less interference and higher 
system capacity. This result in more users being able to be accommodated by the 
system and a corresponding increase o f the spectral efficiency is achieved. However, 
even higher spectral efficiencies were shown [Haa03] to be possible if  antenna arrays 
are implemented at both ends o f the communication link, i.e. having antenna arrays at 
the basestation and the mobile terminal. The theoretical capacity o f such multiple 
input multiple output (MIMO) systems has been shown to grow linearly with size o f 
antenna arrays, in sufficiently rich multipath environments. Such system utilised 
spatial multiplexing in which the data to be transmitted is multiplexed into multiple 
substreams, and transmitted on the same frequency. The comparison o f capacity for 
different array sizes at the transmitter and the receiver shows that a 4 transmitters and 
4 receivers system dramatically increases the capacity compared to a single 
transmitter and 4 receivers system. This class o f intelligent antenna technology has 
been proposed for wireless communications beyond the third generation mobile 
communication systems.
2.5 The Intelligent Quadrifilar Helix Antenna
The intelligent quadrifilar helix antenna (IQHA) is a new intelligent antenna concept 
for mobile terminals. It has been invented and patented by Agius and Saunders 
[Agi99a] at the University o f Surrey as a means o f maximising the communication 
link quality for mobile systems. The configuration o f the IQHA is shown in Figure 
2.10. It consist o f three main parts: the antenna structure itself, the adaptive 
components (weight factors, matching circuits and switches) and the overall control 
part [Agi99a], [Lea99], [LeaOO] and [LeaOOa],
27
Intelligent Antenna Technology
Switches -
QHA ... 
Structure
Hi
Adaptive Matching 
Circuit
"l
T
Wj
■ Matching
Circuit
■ Controller
r  ^Combiner
Controller
Receiver
Figure 2.10. The intelligent quadrifilar helix antenna (IQHA) configuration [Agi99b]
The switches on the elements o f  the QHA structure allow the antenna to operate in 
multiple frequencies. The switches can be open or close to match the antenna to 
operate in the higher and lower frequency, respectively. The adaptive matching 
circuit (AMC) with its own controller matches the antenna system to another 
frequency band which may be outside the bandwidth of the resonant QHA structure, 
or it can correct for any mismatches due to de-tuning effects cause by the user. The 
weighting blocks (wi-uq) form the feed network o f the QHA structure and it can be 
implemented using phase and amplitude adjusters. The output from the variable 
weighting blocks is combined and its total signal output is split between the receiver 
and the controller. Before the controller, the sensor monitors the signal quality based 
on one o f several criteria: maximum received signal, signal-to-noise ratio (SNR), or 
signal-to-noise-plus-interference ratio (SINR). The controller continuously monitors 
the output o f the sensor and adjusts the weights (W1-W4) to maximise the chosen 
criterion.
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The initial research carried out on the IQHA has shown that by adjusting the phase 
relationships between the elements allows the IQHA to operate with a variable pattern 
and polarisation. This is summarised in Figure 2.11. The selection o f appropriate 
phase relationships between the elements can produce either bifilar or monopole 
patterns. As can be seen in Figure 2.11, phase type #0 gives a conventional 
hemispherical radiation pattern with circular polarisation, while phase type # 1  and #2 
give bifilar patterns (toroidal radiation pattern along the antenna axis with circular 
polarisation) and phase type #3, #4 and #5 produce an omni-directional pattern with 
vertical polarisation [Agi99b]. This allows the IQHA to operate as a multimode 
antenna. The conventional QHA configuration (phase type #0) operates with a 
hemispherical pattern and circular polarisation, making it ideally suitable for satellite 
communication applications. The omni-directional configuration (phase type #3, #4 
and #5) is much suited for operation in terrestrial mobile communication applications.
Feeding Phase fip cH1
Phase type 1 2 3 4 Pattern
m O' 90° 180° 270° c
tii 0' 0' 90° 90° 4k
m. 0' 0“ 180° 180° $&
m 0° 90° 0° 90° &
m 0° 180' 0° 180° - o
#5 0° 0° 0° 0° - e 53-
Figure 2.11. Elevation radiation pattern on the IQHA with different feeding
configurations [Agi99b]
In the downlink, the potential o f using the IQHA elements as four branches o f a 
diversity system was demonstrated [LeaOO], It was found from a narrowband 
measurement campaign that up to 14 dB o f diversity gain is achievable in heavily 
shadowed environment compared to a standard QHA. The measurement campaign 
was conducted at 2.385 GHz in a number o f locations such as: heavy urban 
environments and open field. Offline data processing was carried out to evaluate its 
diversity performance using different combining techniques, namely: selection,
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maximum ratio and equal gain combining. Maximum ratio combining (MRC) was 
applied to the four elements o f the IQHA in a post-detection method, i.e. the 
combining is performed in the digital domain; while in the pre-detection case, equal 
gain combining (EGC) is implemented at RF. It was shown that EGC at RF gives the 
best diversity gain. This is because this method only requires one receiver, whereas 
the maximum ratio method, which is implemented in the digital domain, requires 
either two or four receivers, depending if it is operating in a bifllar configuration.
The effects o f the human head on the radiation pattern performance o f the IQHA were 
presented in [Suv99], It was found that the effect o f the human head on the radiation 
pattern o f the IQHA in a conventional hemispherical mode was very small, almost 
negligible in most cases. Its performance becomes even better as the QHA structure 
becomes less shadowed, by extending it over the users head. The specific absorption 
rate (SAR), which is a measure o f power that is absorbed by the tissue per unit 
volume, was evaluated through simulations [Suv99a], The results shown in Figure
2.12 shows that different level o f SAR may be achieved with different position o f the 
QHA structure.
Figure 2.12. Simulated SAR levels for different IQHA positions [Suv99a]
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2.6 Conclusion
In this chapter, a brief overview o f intelligent antenna technology for mobile 
communication systems was presented. The basic concept o f an intelligent antenna 
system has also been presented, in which its performance was compared to that o f a 
conventional three-sector antenna system.
Intelligent antenna systems that are commonly deployed at the base station were often 
realised using the switched beam systems, adaptive antenna systems or diversity 
techniques. These three techniques were clearly explained in this chapter and 
published literatures on intelligent antenna systems at the base station were also 
examined.
Published literatures on intelligent antenna system at the mobile terminals have also 
been examined. Most o f the published work in this area o f research mainly focuses 
on antenna configurations at the mobile terminal in order to perform diversity 
combining to achieve maximum receive signal in the downlink o f a mobile 
communication channel.
A general background o f the intelligent quadrifilar helix antenna was presented. Its 
basic operation was explained followed by its potential o f increasing the signal link 
quality in mobile communication systems.
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Chapter 3 
Size Reduction Technique For Quadrifilar Helix 
Antenna
3.1 Introduction
Conventionally, the Quadrifilar Helix Antenna (QHA) is a widely used handheld 
antenna for mobile satellite communication systems. Figure 3.1 illustrates a QHA 
structure and its current distribution. The QHA is preferred to the crossed dipole and 
patch for its small structure, insensitive to ground or hand effect, easily shaped 
radiation pattern and wide circular polarised beam [Agi98]. The Printed QHA 
(PQHA) is also usually preferred over a wired QHA since it offers the advantages o f 
lightweight, low cost, high dimensional stability and ease o f fabrication [Shu96]. The 
Intelligent Quadrifilar Helix Antenna (IQHA) as proposed in [Agi99a] utilises a QHA 
structure with an intelligent circuit to provide adaptive control over the incoming 
signal imposed by the environment.
Over the last decade, one o f the trends in mobile-phone technology has been to 
dramatically decrease the size and the weight o f the handset. Hence, it is also 
desirable that antennas for mobile terminals be as small and lightweight as possible.
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Although the conventional PQHA structure is already small, further size reduction is 
necessary to satisfy the space limitations o f the mobile terminal. In this chapter, one 
method o f reducing the size o f the conventional PQHA is studied and presented 
[Che02]. However, the fact that an antenna is used to transform a guided wave into a 
radiated wave, and vice-versa, and one understands that to perform this efficiently, the 
size o f the antenna should be o f the order o f half wavelength or larger. Antennas can 
be made small but at the expense o f bandwidth, gain and efficiency. Therefore, this 
chapter will begin with a study on the fundamental limitations o f small antennas, 
which will be presented in section 3.2. In section 3.3, some o f the published work on 
size reduction techniques for antennas will be discussed. The majority o f the work 
presented focuses on size reduction o f the QHA structure. Section 3.4 presents the 
implementation o f the meander line technique for size reduction o f a conventional 
PQHA. In section 3.5, the effects of MPQHA on adaptivity will be discussed. 
Finally, section 3.6 concludes this chapter.
3.2 Fundamental Limitations Of Electrically Small Antennas
Wheeler [Whe75] initiated the analysis o f electrically small antennas and defined a 
small antenna as one whose size is a small fraction o f the wavelength and which 
occupies a small fr action o f one radian sphere in space. The radian sphere is defined 
as the spherical volume having a radius r =  A/2 n. Wheeler [Whe47] pointed out that 
a small antenna free o f dissipation could take a radio wave and deliver to a load an 
amount o f power independent o f the size o f the antenna. It results from the fact that a
Figure 3.1. The quadrifilar helix antenna
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smaller antemia delivers a lesser voltage from a lesser resistance such that the 
available power remains the same. However, as the antenna size decreases, the 
radiation resistance o f the antenna decreases in comparison to the ohmic losses in 
both the antenna and the matching elements, which results in a loss o f overall system 
efficiency. From Kraus [Kra88], the radiation efficiency l)a o f an antenna is given by
Va = — (3. 2-1)
R r  +  Rloss v
Where R r = Radiation resistance (£2)
Rioss = Loss resistance (£2)
For small antennas R ,/R i0Ss is usually a small quantity giving low antenna efficiency.
Wheeler [Whe47] used a figure o f merit for an electrically small antenna called the 
radiation power factor, P F , defined as
p F  =  radiated power = Rv_ 
reactive power X
Where R r = Radiation resistance (£1)
X  = Reactance (£2)
The Q  factor is defined as
center frequency _  X  (3 2 3)
  bandwidth Rr +  Rioss
Wheeler further shows that the radiation power factor for a small antenna is equal to 
the ratio o f the antenna volume to a radian sphere and is given as
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p p _ antenna volume ( )t
radian sphere 4 f  x  N
— i t  —
3 \ 2 k .
Where r = Radius o f antenna volume, m
X = Wavelength, m
If  Ri0Ss = 0 in equation (3.2-3), from equation (3.2-2) and (3.2-4),
(3-2-5)
{2  TVr j
From equation (3.2-5), an elechically small lossless antenna will have a higher value 
o f Q and a narrower bandwidth.
The work o f Wheeler was generalised by Chu [Chu48] who derived a relationship 
between the minimum quality factor, Q, o f an omnidirectional antenna and its 
volume. Chu obtained the following approximate formula, valid for a linearly 
polarised antenna:
Q =  X + 2 0<a s)-----  (3 .2 -6)
*  Pcasf + [ l  + (kas ) 2\ K
Wave number = —
A
Radius o f the smallest sphere enclosing the 
antenna
The analysis o f Chu was further extended by Harrington [Har60] to include the effect 
o f losses. Harrington proposed a very useful and simple formula, which gives the 
upper limit for the gain that a small antenna can achieve while still having a 
reasonable bandwidth.
Where k
as
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G = (kas)2 + 2kas (3.2-7)
This equation gives an upper limit for the gain o f the antenna, but this limit is more 
difficult to reach as an antenna becomes very small where the losses may increase 
drastically.
In summary, one has to look for the best compromise for gain, bandwidth, and 
efficiency in antenna miniaturisation. The antenna designer has to look for the best 
solution, such that the physical size o f the antenna is reduced effectively, without 
degrading its performance.
3.3 Size Reduction Techniques
3.3.1 Size Reduction Techniques For QHA
Over the past few years, many researchers have studied the size reduction o f the QHA 
extensively. [Lei95] presented a miniature dielectrically loaded QHA designed to 
operate at 2 GHz. The antenna, which is 5mm in diameter and approximately 20mm 
in its axial length, was shortened by the use o f a Zirconium Tintinate ceramic 
dielectric core which possesses a relative dielectric constant (er) o f 36. This 
significantly reduces all dimensions o f the antenna. A comparison o f the 
dielectrically loaded QHA with the original air dielectric QHA is shown in Figure 3.2. 
The result o f reducing the physical size o f the conventional QHA by dielectric loading 
increases the (7-factor, and as a result, a narrower operating bandwidth. The operating 
bandwidth for return loss lower than -lO dB  was measured to be 30 MHz.
The coupled-segment QHA allows variable axial length (without changing the pitch 
angle), which can be much shorter than the conventional QHA [Fil97]. Figure 3.3 
illustrates a half-wavelength coupled-segment QHA. The elements o f the QHA have 
been broken in the centres (where the current is zero) into two distinct sets of 
segments. The upper segments are non-driven (passive sets) and they overlap the 
lower segments that are driven (active sets). This allows the currents o f the active 
segments to induce opposing currents o f equal magnitude (symmetrical structure) on 
the passive segments. As presented in [Fil97], the coupled-segment QHA offers
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improved antenna performance for a variety o f mobile satellite communication 
systems. The position o f the passive segments is varied to achieve the desired 
radiation pattern while providing a significant reduction in the axial length o f a 
conventional QHA. The impedance characteristics of the coupled-segment QHA are 
almost identical to that o f a conventional QHA.
Another size reduction technique for the PQHA was presented in [LouOl] by 
modifying the pitch angle o f each helical element. This is illustrated in Figure 3.4. 
The PQHA elements are divided into N  number o f segments for analysis so that it is 
possible to apply a different pitch angle on each segment that results in modification 
of the axial length o f a conventional PQHA. The element length o f the PQHA is not 
modified when the pitch angles are varied; therefore, there is no significant alteration 
to the impedance matching o f the PQHA. The simulated annealing (SA) technique 
was applied in order to achieve the optimum pitch angles to produce the desired 
radiation pattern. The results presented in [LouOl] shows that the PQHA with 
variable pitches is able to obtain the desired radiation pattern while a 14% size 
reduction in the axial length is achieved.
Figure 3.2: Comparison between air Figure 3.3: Coupled segment
dielectric QHA and dielectrically QHA [Fil97]
loaded QHA [Lei95]
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Figure 3.4: Planar (unwrapped) representation o f PQHAs with constant and variable
pitches [LouOl]
Petros and Licul proposed a new ‘folded’ quadrifilar helix antenna [PetOl]. The 
folding technique, illustrated in Figure 3.5, reduces the axial length by 20% without 
affecting its performances. The bottom part o f the QFIA maintains the same geometry 
as the standard QHA, but at the top section, the elements were folded back.
Figure 3.5: Folded QHA [PetOl]
3.3.2 Size Reduction Techniques For Other Antennas
Rashed and Tai [Ras91] proposed the meander line technique for antenna size 
reduction such that the antennas were made from continuously folded wire intended to 
reduce the resonant length. An example o f a meandered antenna element is shown in 
Figure 3.6. This method forces the surface current to meander, thus artificially 
increasing the antenna’s electrical length. The meander line antennas tend to resonate 
at frequencies much lower than a single element antenna o f equal length. Nakano et 
al. [Nak84] investigated the meander line dipole experimentally, and found that it has 
a similar radiation pattern to a conventional half-wave linear dipole antenna. It was 
also reported that the axial length o f a meander line dipole antenna is always shorter
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than a conventional half-wave linear dipole antenna. Warnagiris et al. [War98] 
suggest that by antenna folding (Meander), there is a possibility o f reducing the size 
o f the antenna while still maintaining a high-radiation resistance at resonance. It was 
also suggested that the addition o f capacitive top loading to a folded antenna could 
result in an improved bandwidth.
A recent common technique for antenna size reduction is that of fractal antennas. 
Fractal antenna is based on systematically bending the wire in a fractal way [Wer03], 
such that the overall length o f the antenna remains the same, but its size is 
correspondingly reduced with the addition o f each successive iteration. It has been 
demonstrated that by using this approach, it can lead to efficient miniaturised antenna 
designs. An illustration o f a Koch fractal antenna is given in Figure 3.7.
----------------------------------------------------------Size Reduction Technique For Quadrifilar Helix Antenna
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Figure 3.6: Meander line technique
▲ ^
Stage 0 Stage 1
♦
Stage 2 Stage 3
Figure 3.7. Koch fractal antenna [Wer03]
39
•Size Reduction Technique For Quadrifilar Helix Antenna
3.4 Implementation of Meander Line Techniques for PQHA size 
reduction
An overview o f the methods for reducing the physical size of antennas was presented 
in the previous section. The meander line technique offers a simple implementation 
compared to other techniques. Comparing with the dielectric loaded QHA, the 
meander line technique also offers a potential for lower production cost. Although the 
meander line antenna has been widely investigated by others, there have been no 
known attempts to construct and study a meander line PQHA based on measurements. 
It was decided to investigate further into using the meander line technique to reduce 
the axial length o f a conventional PQHA called meander PQHA (MPQHA). hi this 
section, the design procedure, measurement results and analysis o f the MPQHA will 
be presented.
3.4.1 Resonant Frequency Of The Meander Line Dipole Antenna
It has been documented in [Agi99b] that the conventional QHA has current 
distribution o f a loop dipole antenna having current maximal at the fed and minimal at 
XIA distance away from the feed. The analysis in this section, based on [TsuOO], 
derives a formula that represents the relationship between the resonant frequency and 
the various geometrical parameters o f a Meander-line Dipole Antenna (MDA). The 
analysis was undertaken in order to understand the resonant frequency characteristics 
of a MDA.
First, the MDA is modelled as a Linear Dipole Antenna (LDA) that has inductance 
loading. The inductance is calculated using the geometrical parameters o f MDA. A 
formula for the relationship between the inductance and resonant frequency is 
derived, and an experimental formula for the relationship between the geometrical 
parameters and the resonant frequency is derived.
The configuration o f the MDA and its structural parameters are shown in Figure 3.8. 
The analytical model is also illustrated in Figure 3.9. The MDA is modelled as a 
LDA with inductive loading. The antenna is decomposed into short-terminated 
transmission lines, whose number 2N(i is equal to the number o f turns o f the antemia,
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and a linear circular cylindrical conductor whose length is equal to the antenna length 
2 Lmda-
Figure 3.8. Configuration o f meander 
line dipole antenna
a
c
c
c :
c :
Lossless short- 
circuited terminal 
circuit
Straight
conductor
Figure 3.9. Analytical model
The characteristic impedance Zq o f the lossless short-terminated line shown in Figure 
3.9 is determined by the following:
-7 Ze, 2  p
Zo -  — log—4- 
n d
(3.4-1)
Where Zo = Characteristics impedance (A)
Zc = Intrinsic impedance (A)
p  = Pitch (m)
d  = Conductor diameter (m)
The input impedance Zin o f the lossless short-terminated line forming the series 
expansion and retaining terms up to third order, is given by:
Z,n =}X = jZfltan/J-^-
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-jZ 0 2ik.
1J__
2
1 cn  
“ ' W, x
V  2
(3.4-2)
Where f t  = 2n/X = phase constant in radians per meter
Wd = Antenna width (m)
Using equations (3.4-1) and (3.4-2), the total inductance o f all short-terminated lines 
in Figure 3.9 is determined by the following:
j coLm = 2Nd • jW
- 2Na ■ jZo
2 3
Lm
(O
1 + I
3
r \ 2A
' T
_ N aZ 0wd
V
1 +  -  
3
/  ... \
2
p- d
2 A
_ Ip g ^ Z
c it d
l + i
3 / 2
7C d
1 + 1
3 y
(3.4-3)
Where Nq = Number o f  turns/2
ju = Permeability o f the medium (H/m)
c = Speed o f  Light = 3 x 108 (m/s)
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The self-inductance o f the linear conductor o f length IL mda o f Figure 3.9 with those 
inductances as the loading is given by
T MDA%
o r  \
l o g l i ^ L  — 1 
v d
(3.4-4)
Wliere Lmda = Antenna length/2  (m)
Using equation (3.4-3) and (3.4-4), the total inductance L, o f the conductors forming 
the MDA is
Lt = Lm +L/
J MDA
. d  j
\  9 L
+ N dwtl log MDA 1 + I
3V / t )
(3.4-5)
For an LDA that resonates at the same frequency as the MDA, the self-inductance Ld 
o f the conductor is given as follows,
- 7 [ l0g 7V 4{
2 L ^^ MDA j- (3.4-6)
Assuming that the MDA with the inductance L, and the LDA with the self-inductance 
Ld have the same resonant frequency, approximately,
L ,« L d (3.4-7)
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Substituting equation (3.4-5) and (3.4-6) into (3.4-7) and re-arranging,
n 2\
N dwd \o g 2lMDA
N„d
1 +  -  
3 f i * -v 2 ,
+ L MDA log
8 LMDA
d
log
(3.4-8)
Using only the first order term o f equation (3.4-2),
f
logN d wd log + l
N„d MDA
f  o r  \
MDA _ |
V d / (3.4-9)
The resonant frequency o f the MDA can be determined using equation (3.4-9) when 
the geometrical parameters are specified.
The resonant frequencies o f the MDA that has the same element length as a 2 GHz 
?J2 LDA is calculated using equation (3.4-9) while varying the antenna width 
The calculated results for the MDA with different value o f pitch, p ,  are shown in 
Figure 3.10. From the graph, when = 0mm the MDA resonates at 2 GHz. This is 
because the MDA element is not meandered and has exactly the same physical length 
as the 2 GHz A ll LDA. Again, using equation (3.4-9), Figure 3.11 shows that the 
resonant frequency o f a MDA is always lower than LDA for equal physical antenna 
length, h i this graph, the geometric parameters o f the MDA are set as Wd=p = 5mm.
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ws (mm)
Figure 3.10. Calculation results o f antenna width, wa, versus resonant frequency with
varying pitch,/), values
Physical Antenna Length of LDA and MDA (mm)
Figure 3.11. Resonant frequency o f LDA and MDA 
3.4.2 Design Procedure For MPQHA
The meander line elements are constructed by bending the linear element into 
continuous square waves (sw) with the intention to shorten its overall length. This 
reduces the wave velocity propagating in the transmission line, which shortens the 
overall length o f the transmission line. As illustrated in Figure 3.12, by replacing a 
meander line element shortens the overall length o f the linear element. The meander 
line element geometrical parameters AA and AL represent the vertical and horizontal 
printed traces, respectively. The four elements o f the MPHQA were printed onto a 
flexible Kapton material, which is 50pm thick with dielectric constant (er) o f 3.6, and 
rolled into a cyclindrical structure. The planar representation o f the MPQHA and 
PQHA is illustrated in Figure 3.13.
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A
dFI M eander line element
Length = 2 x AL
L inear element
Length =  1(AL + AA)
Figure 3.12. Comparison o f  length between linear element and meander line element
This approach is applied to shorten the helical element o f the PQHA in order to 
reduce the overall axial length o f the PQHA structure. First, the MPQHA replaces the 
helical element o f the conventional PQHA by a meander line without changing the 
radius, overall element length and the number o f turns o f the PQHA. This is to 
investigate the effect o f meander line on the resonant frequency o f the PQHA.
In order to determine the axial length o f the MPQHA, the following calculations were 
performed. By rearranging the equation given in [Agi97], the helical element length 
excluding the radial components o f the PQHA is given by
Element Length = E (AL + AA)
Figure 3.13. Planar representation o f MPQHA and PQHA
(3.4-10)
Where Leie = Helical element length o f the PQHA (mm)
N = Number o f turns for the PQHA structure
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Laxiai = Axial length o f the PQHA (mm) 
r — Radius o f the PQHA (mm)
The number of square waves that are needed for the MPQHA to replace the helical 
element o f the conventional PQHA is
Lele
----------------  (3 4-111
2 (AL + M )  1 j
---------------------------------------------------------- Size Reduction Technique For Quadrifilar Helix Antenna
Where sw  = Number o f square waves
Leie = Helical element length of the PQHA (mm)
AA = Vertical element o f meander trace (mm)
AL = Horizontal element o f meander trace (mm)
Therefore the axial length o f the MPQHA is
Laxiai (MPQHA) =  N
r s w - 2
for
V
N  . 
sw -2  AL
- ( 2  %r) 2 . (3.4-12)
> (2 nr)2
Where Laxi(,i (m p q h a )  = Axial length o f the MPQHA (mm)
N  = Number of turns for the QHA structure
sw = Number o f square waves (mm)
AL = Horizontal element o f meander trace
(mm)
r = Radius o f the PQHA (mm)
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The size reduction factor o f the MPQHA is defined as
^ a x ia l (PQHA) ~ ^'axial(MPQHA) ^ 1QQ% 
L a x ia l (PQHA)
(3.4-13)
Where a = size reduction factor o f  the MPQHA
(%)
Laxiai (pqha) = Axial length o f PQHA (mm)
Laxial (MPQHA) = Axial length o f MPQHA (mm)
However, the vertical element o f the meander trace, AA, is dependent on the pitch 
angle o f the MPQHA. In order to avoid the AA o f a MPQHA element touching the 
adjacent element, the following calculations have to be performed to determine the 
maximum AA allowed for the ,sw.
The pitch angle o f the MPQHA is
p itc h _ c in g  (mpqha) = tan '1 (3.4-14)
Where p i tc h _ a n g  (mpqha) = Pitch angle o f MPQHA
(radian)
Laxial (MPQHA) = Axial length o f MPQHA (mm)
N Number o f turns
r radius (mm)
Therefore, the maximum AA o f the square wave o f the meander element is
Where AA(max) = Maximum AA of square wave (mm)
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pitch ja n g  qapqha) = Pitch angle o f MPQHA
(radian)
r  = radius (mm)
w = Element width (mm)
The minimum AL o f the square wave for the meander element is
AL(min) — w + 1 (3.4-16)
Where ALfmin) = Minimum AL o f square wave (mm)
w = Printed track width (mm)
The AA to AL ratio is defined as
7= ^ 7  (3-4"17)AL
3.4.3 Measurements
To understand the characteristics o f the MPQPIA, measurements based on the 
resonant frequency were carried out using a network analyser (NWA). First, a 
conventional PQHA with the characteristics shown in Table 3.1 was chosen as the 
reference antenna. The S l l  measurement o f reference PQHA (Ref-PQHA) is also 
shown in Figure 3.14.
Name Ref-PQHA
Laxial (nun) 83
Element length (mm) 89.32
Radius (mm) 7
Track width (mm) 2
N 0.75
Resonant frequency (GHz) 2
Table 3.1. Characteristics o f the Reference PQF1A
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The first resonance o f the Ref-PQHA occurs at 2 GHz with an impedance bandwidth 
o f 90 MHz for SU  less than -lO dB. The input impedance (Z,„) is calculated using 
equation [Pek98] (3.4-18), assuming that the PQHA is symmetrical, S 12 = Su, and 
excited with its normal phase fashion o f 0°, 90°, 180°, 270°. The frequency response 
o f the SI 1 is then calculated based on the calculated Zm as shown in Equation (3.4­
19).
Frequency (GHz)
Figure 3.14. S 11 measurement for 
Ref-PQHA
Figure 3.15. Radiation pattern 
plot for Ref-PQHA
_ I + S 11- S 13 ^ 
1 - S 11 + S13 0
(3.4-18)
S 1 1 calculated ~ y L (3.4.19)
•o
Where Zq = characteristics impedance = 50 Q
The radiation pattern plot shown in Figure 3.15 shows that the reference PQHA 
radiates efficiently at 2 GHz. The angle o f maximum gain (0Gmax) occurs at 32° from 
the zenith, measuring 0.33 dBiC. The half power beam width (HPBW) point (0mb) 
occurs at 16°.
Based on the reference PQHA o f Table 3.1, a large number o f MPQHA models were 
fabricated by varying the values o f AA and AL with an increment o f 1mm while
5
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retaining the same element length, radius and number o f turns as the reference PQHA. 
This is shown in Table 3.2. All the MPQHA generated have different axial lengths.
AA (mm) 
AL (mmK
1 2 3 4 5
3 58.3 42.2 30.1
4 63.4 49.6 38.9 30.1
5 66.7 54.6 45.0 37.1 30.1
6 69.1 58.3 49.6 42.2 35.8
7 70.8 61.1 53.1 46.3 40.3
8 72. 63.4 55.9 49.6 43.9
9 73.3 65.2 58.3 52.3 46.9
10 74.2 66.7 60.3 54.6 49.6
11 74.9 67.9 61.9 56.6 51.8
12 75.6 69.1 63.4 58.3 53.7
fable 3.2. M 5QHAs axia length (mm)
38.9
42.2
45.0
47.5
49.6
3.4.4 Results And Analysis
The measurement results o f AA versus resonant frequencies with different AL values 
are shown in Figure 3.16. From the graph, it is found that majority o f the MPQHA 
models resonate in the frequency range o f 2.3GHz to 2.4GHz. This shows that the 
MPQHAs are able to resonate at a similar range o f frequencies while their axial 
lengths are different. The results in Figure 3.16 also display a similar relationship to 
the graph in Figure 3.10 in section 3.4.1 for the meander line dipole antenna. The 
comparison graph is illustrated in Figure 3.17. In Figure 3.17, AA o f the MPQHA 
represents the same relationship as the antenna width, w^, o f a MDA, and AL o f the 
MPQHA represents the same relationship as the pitch, p, o f a MDA. The deviation 
between the measurements and calculated results for large values o f AA is due to the 
capacitance coupling between the elements o f the MPQHA which does not exist in 
the case o f a MDA. This displays a major advantage for the MPQHA as this further 
slows down the wave velocity compared to the MDA, and as a result the resonant 
frequency is lower compared to that o f  a MDA for large values o f AA.
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Figure 3.16. Measurement results o f AA versus resonant frequency with varying AL
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Figure 3.17. Comparison graph for MPQHA and MDA
Among the 52 MPQHA prototypes that were presented in Table 3.2, there are a 
number o f MPQHAs that have the same axial length but different values o f AA and 
AL. These MPQHAs were analysed and compared for the resonant frequencies 
against a conventional PQHA as shown in Table 3.3.
The comparison o f different MPQHAs and PQHAs in Table 3.3 shows that majority 
o f the MPQHAs resonate at a lower frequency compared to the PQHAs that have the 
same axial length. However, there were also a few MPQHAs that resonate at the 
same frequencies as that o f PQHAs. This is shown in Table 3.3(h), 3.3(i) and 3.3(j) 
and the MPQHAs have axial length o f 63.4mm, 66.7mm and 69.1mm respectively.
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These MPQHAs display a meander geometric parameter o f / <  0.25. The MPQHAs 
that have a high value o f /resonate  at frequencies that are lower than the PQHAs. 
They also have a shorter axial length compared to those MPQHAs that have a low 
value of /
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(a) Axial Length = 30.1mm and 7 = 1
Name PQHA MPQHA3-3 MPQHA4-4 MPQHA5-5
fr (GHz) 3.53 3.07 2.83 2.52
(b) Axial Length = 38.9mm and y -  0.75
Name PQHA MPQHA3-4 MPQHA6-8
fr (GHz) 3.18 2.86 2.17
(c) Axial Length = 42.2mm and 7= 0.667
Name PQHA MPQHA2-3 MPQHA4-6 MPQHA6-9
fr (GHz) 3.07 2.90 2.55 2.31
(d) Axial Length = 45.0mm and 7= 0.3
Name PQHA MPQHA3-5 MPQHA6-10
f, (GHz) 2.93 2.57 2.31
(e) Axial Length = 49.5nnn and y - 0.5
Name PQHA MPQHA2-4 MPQHA 3-6 MPQHA4-8 MPQHA5-10 MPQHA6-12
f, (GHz) 2.80 2.62 2.55 2.39 2.39 2.27
(f) Axial Length = 54.6 mm and y= 0.4
Name PQHA MPQHA2-5 MPQHA4-10
fr (GHz) 2.59 2.55 2.31
(g) Axial Length = 58.3 mm and 7 = 0.333
Name PQHA MPQHA 1-3 MPQHA2-6 MPQHA3-9 MPQHA4-12
fr(GHz) 2.55 2.48 2.38 2.31 2.21
(h) Axial Length = 63.4 mm and y -  0.25
Name PQHA MPQHA 1-4 MPQHA2-8 MPQHA3-12
f, (GHz) 2.39 2.39 2.34 2.24
(i) Axial Length = 66.7 mm and 7 = 0.2
Name PQHA MPQHA 1-5 MPQHA2-10
fr(GHz) 2.27 2.27 2.27
(j) Axial Length = 69.1 mm and 7 = 0.167
Name PQHA MPQHA 1-6 MPQHA2-12
f, (GHz) 2.27 2.27 2.24
Table 3.3. Comparison o f different MPQHAs and PQHAs with same axial length
From the results displayed in Table 3.3 and the analysis in the previous paragraph, it 
can conclude that MPQHAs that have a high value o f /a re  more effective. However
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at this point, none o f the MPQHAs measured resonates at 2 GHz. An optimisation 
process has to be carried out.
3.4.5 Optimisation
hi order to lower the resonant frequency o f the MPQHA to 2 GHz, the MPQHA6-8 
antenna was chosen for optimisation because its resonant frequency o f 2.17 GHz is 
nearest to our wanted frequency o f 2 GHz. Three methods were proposed to lower 
the resonant frequency o f MPQHA6-8 to 2 GHz. These are summarised in Table 3.4.
Method Description
1 Increase the element length o f  MPQHA by 5% to 15%. This 
method will result in an increase axial length o f the MPQHA.
2 Vary the value o f  AA but AL will remain constant. This method 
will not cause the axial length o f  MPQHA to increase.
3 Vary the value o f  AL but AA will remain constant. This method 
will not cause the axial length o f  MPQHA to increase.
Table 3.4. Proposed optimisation methods
3.4.5.1 Method 1
The element lengths o f the MPQHA6-8 were increased from 5% to 15%. This causes 
the axial length o f the MPQHA6-8 to increase originally from 38.9mm to 48.5mm.
Name MPQHA6-8 M PQHA6-8-la MPQHA6-8-lb MPQHA6-8-lc
Percentage increase (%) 0 5 10 15
Element length (mm) 89.3 93.8 98.3 102.7
Axial length (mm) 38.9 42.2 45.4 48.5
Freq. (GHz) 2.17 2.17 2.18 2.04
Table 3.5. Method 1 (Changing element length by 5% to 15%)
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This is illustrated in Table 3.5 together with the results obtained from the 
measurements.
The results shown in Table 3.5 prove that the resonant frequency o f the MPQHA can 
be reduced down to 2 GHz by increasing the element length at the expense of 
increased axial length. By increasing the element o f the MPQHA6-8 by 5% and 10%, 
the resonant frequency remains at 2.17 GHz. However, by increasing the element 
length by 15%, the M PQHA6-8-lc resonates at 2 GHz. Using equation (3.4-13), the 
reduction factor, a, for M PQHA6-8-lc is 41.5%.
Frequency (G Hz)
Figure 3.18. S l l  measurements o f MPQHA6-8-lc
A comparison o f the radiation plot between Ref-PQHA and MPQHA6-8-lc at 2 GHz 
is shown in Figure 3.19. The MPQHA6-8-lc is slightly less efficient than the Ref- 
PQHA. However, at elevation angle = 0°, the difference in gain between the two 
antennas is only 0.8dB. At elevation angle = 32°, which is the direction o f maximum 
gain ( @Gmax) for the Ref-PQHA, the gain difference between the two antennas is about 
1.7dB. This shows that by using method 1, 41.5% size reduction can be achieved at 
the expense o f a slight reduction in efficiency.
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Figure 3.19. Comparison radiation plot for Ref-PQHA and MPQHA6-8-lc 
3.4.S.2 Method 2
In this method, the value o f AA is varied while AL is kept constant. For MPQHA6-8, 
the original value o f AA and AL were 6mm and 8mm respectively. Therefore in this 
method, AL remains at 8mm while AA is varied. However, the range o f value that the 
AA can be varied is restricted. By increasing the value o f AA to 7mm will result in the 
helical element of the MPQHA6-8 to overlap the adjacent element. By decreasing the 
value o f AA to 5mm, the element length o f the MPQHA will be reduced; this will 
cause the MPQHA6-8 to resonate at an even high frequency. This is proven through 
measurement as shown in Table 3.6. Therefore in this case, method 2 is not useful in 
lowering the resonant frequency down to 2 GHz.
Name MPQHA6-8-2a MPQHA6-82b
AA (mm) 5 7
AL (mm) 8 8
Y 0.625 0.875
Element length (mm) 76 Helical element overlap
Axial length (mm) 38.9 Helical element overlap
Freq. (GHz) 2.48 No Measurement
Table 3.6. Method 2 (vary AA as AL remain constant)
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3.4.5.3 Method 3
111 this method, AA was kept constant at 6mm while the value o f AL was varied. The 
value o f AL varies from 3mm to 10mm. The element length o f the MPQHA changes 
when AL was varied, but axial length o f the MPQHA6-8 still remained the same. The 
meander geometric parameters and the measurement results are shown in Table 3.7.
Name MPQHA
6-8-3a
MPQHA
6-8-3b
MPQHA
6-8-3c
MPQHA
6-8-3d
MPQHA
6-8-3e
MPQHA
6-8-3f
MPQHA
6-8-3g
AA (mm) 6 6 6 6 6 6 6
AL (mm) 3 4 5 6 7 9 10
7 2 1.5 1.2 1 0.857 0.667 0.6
Element 
length (mm)
147 124 110 96 91 81 81
Axial length 
(mm)
38.9 38.9 38.9 38.9 38.9 38.9 38.9
Freq. (GHz) 1.90 2.03 2.06 2.13 2.16 2.29 2.28
Table 3.7. Method 3 (vary AL as AA remain constant)
The MPQHA6-8-3b and MPQHA6-8-3c whose AL = 4mm and 5mm respectively 
resonate at 2 GHz. Both MPQHAs have operating bandwidth o f 190 MHz. The SI 1 
measurements o f these two MPQHAs is illustrated in Figure 3.20. Both MPQHA6-8- 
3b and MPQHA6-8-3c have high values o f y  which are calculated using equation 
(3.4-17) to be 1.5 and 1.2 respectively. The element length o f both MPQHAs has 
increased by at least 23% with the axial length remaining unchanged. The size 
reduction factor is calculated using equation (3.4-13) to be 53% for both MPQHAs.
The radiation patterns o f MPQHA6-8-3b and MPQHA6-8-3c compared with the 
radiation pattern o f Ref-PQHA are shown in Figure 3.21. The radiation patterns of 
MPQHA6-8-3b and MPQHA6-8-3c at 2 GHz are identical, therefore only the 
radiation pattern o f MPQHA6-8-3b is described and compared to Ref-PQHA.
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From Figure 3.21, the MPQFIA6-8-3b has a maximum gain o f Gmax = -2.05 dBiC at 
Gama* ~  25°. The HPBW point (Oub) occurs at 66°. Comparing with Ref-PQHA, at 
elevation angle = 0°, the gain difference between the two antennas is 1.13dB. At 
elevation angle = 32°, which is the direction o f maximum gain (9c,max) for the Ref- 
PQHA, the gain difference between the two antennas is about 2.47dB. Method 3 
successfully reduces the size o f the conventional PQHA by 53%, however, in terms of 
radiation pattern it is less efficient compared to using method 1. A picture comparing 
the axial length of the MPQHA6-8-3b and Ref-PQHA is shown in Figure 3.22.
Frequency (GHz)
Figure 3.20. SI 1 measurements o f MPQHAs using method 3
Figure 3.21. Radiation pattern o f Ref-PQHA and MPQHAs
Based on the measurement results o f MPQHA6-8-3b, the meander line technique has 
been proven useful to reduce the physical axial length o f a conventional PQHA. 
Implementing this technique, the axial length o f a conventional PQHA is reduced by 
53% with a significant increase in operating bandwidth at the expense o f slight 
reduction in efficiency. The increase in the operating bandwidth is due to the
58
•Size Reduction Technique For Quadrifilar Helix Antenna
increased distributed capacitance coupling between the elements o f the MPQHA 
which does not exist in the case o f PQHA. This is logical, since a capacitor is two 
conductors separated by a dielectric space. This result in a reduction o f overall 
reactance o f the antenna and consequently improves its operating bandwidth and Q- 
factor.
38.9 mm
83 m m
Figure 3.22. Comparison o f Ref-PQHA and MPQHA
3.4.6 Effect Of The Track Width
The effect of varying the track width o f the MPQHA should not be ignored. There is 
a significant advantage in terms o f size reduction when the track width o f the 
MPQHA is reduced. By reducing the track width, the radius of the MPQHA can be 
reduced without having the helical element overlapping the adjacent element. 
Another advantage o f having a narrower track width is that the AA can be made 
longer resulting in a higher value o f yand hence more size reduction can be achieved 
in the axial length. However, changes in track width may affect the performance of 
the MPQHA and this is investigated in this section.
Two MPQHAs were chosen from section 3.4.5.3 to investigate the effect o f having a 
narrower track width. The MPQHAs chosen were: MPQHA6-8-3b and MPQHA6-8- 
3c. The track width o f 1mm is used and the results o f the SI 1 measurements are 
shown in Figure 3.23 and 3.24 for the two antennas respectively.
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From the S 11 measurements, the MPQHAs that have a track width o f 1 mm resonate 
at almost the same frequency as those o f wider track width. It is clearly displayed that 
the bandwidth of the MPQHAs with 1 mm track width is narrower.
The radiation pattern for MPQHA6-8-3b and MPQHA6-8-3b (1 mm) are shown in 
Figure 3.25 and Figure 3.26 respectively. From Figure 3.24 and 3.25, the radiation 
pattern for both MPQHAs at 1.9 GHz and 2 GHz are almost identical. However, at
2.1 GHz and 2.2 GHz, the MPQHA6-8-3b (1 mm) does not radiate as efficiently 
compared to MPQHA6-8-3b. This correlates well with the results discussed in the 
previous paragraph that the MPQHA6-8-3b (1 mm) has a narrower bandwidth. 
Therefore, one can reach the conclusion that the track width of the MPQHA can be 
reduced at the cost o f a narrower operating bandwidth. This may be useful in 
applications where a wide bandwidth is not essential and a smaller antenna is more 
important for an appealing product design.
Frequency (GHz) Frequency (GHz)
Figure 3.23. S l l  measurements for Figure 3.24. S l l  measurements for 
MPQHA6-8-3b and MPQHA6-8-3b (1 mm) MPQHA6-8-3c and MPQHA6-8-3c (1 mm)
Figure 3.25. Radiation pattern plot for Figure 3.26. Radiation pattern plot for 
MPQHA6-8-3b MPQHA6-8-3b (1 mm)
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3.4.7 Dielectric Loaded MPQHA
Under the supervision o f the author, [Kwa02] has further investigated the possibility 
o f using dielectric loading to achieve volume reduction o f the MPQHA. In this 
section this will be referred as the Dielectric Loaded MPQHA (DL-MPQHA).
The DL-MPQHA is loaded with Zirconium Silicate powder, with a dielectric constant 
(er) o f 6. The geometric parameters of the DL-MPQHA are given in Table 3.8. Using 
this technique, significant volume reduction o f the PQHA is achieved.
The results o f the SI 1 measurement and the radiation pattern measurement o f the DL- 
MPQHA are shown in Figure 3.27 and Figure 3.28, respectively. The DL-MPQHA 
has an impedance bandwidth o f 90 MHz, this shows a significant degradation 
compared to the impedance bandwidth of MPQHA6-8-3b, but the impedance 
bandwidth still remains the same as that o f the PQHA. There is also a significant 
degradation in the radiation performance o f the DL-MPQHA; Figure 3.28 shows that 
the maximum gain o f the DL-MPQHA is -5 .04  dBiC. The results suggest that 
significant size reduction can be achieved using the combination o f dielectric loading 
and meander line technique with the expense o f degradation in efficiency.
Name DL-MPQHA
AA  (mm) 3.7
AL (mm) 3
Laxial (mm) 28.5
Element length (mm) 89.58
Radius (mm) 6
Track width (mm) 2
N 0.75
Resonant frequency (GHz) 1.99
Table 3.8. Geometric parameters o f DL-MPQHA
61
■Size Reduction Technique For Quadrifilar Helix Antenna
3.5 Effects Of MPQHA On Diversity Performance
The meander line technique has been shown useful in the previous sections to reduce 
the axial length o f a conventional Printed Quadrifilar Helix Antenna (PQHA) with a 
slight reduction in efficiency. Since the MPQHA will be used in the IQHA system, it 
is important to understand the effect o f size reduction on the diversity performance.
Brown et al. [Bro03] performed an analysis to identify the different diversity 
contributions o f the IQHA. The analysis was performed at 2 GHz on the Ref-PQHA 
and MPQHA6-8-3b presented in this chapter. As the elements o f the Ref-PQHA and 
MPQHA6-8-3b structure are not spaced apart significantly com pared’ to the 
wavelength, it was assumed that there is no scope for spatial diversity. The analysis 
was then carried out to evaluate the polarisation and angular contribution. The results 
are summarised in Table 3.9. The results were calculated for the adjacent and
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opposite elements. From Table 3.9, the MPQHA has greater adjacent element angular 
correlation compared with the opposite element whereas it is reversed for the Ref- 
PQHA. For the polarisation correlation, the correlations are high in all cases. This is 
expected since the four branches are relatively co-polarised.
Angular Correlation Polarisation Correlation
IP l2 A l I P b a I I P l2 p | |P l 3 p |
Ref-PQHA 0 . 4 1 0 . 5 1 0 . 9 2 0 . 9 4
MPQHA 0 . 5 7 0 . 3 1 0 . 9 3 0 . 8 B
Table 3.9. S-parameters measurements for PQHA [Bro03]
Based on the results, it was concluded that the Ref-PQHA and MPQFIA structure is 
essentially an angular diversity system with suitably low correlation. The angular 
correlation of the MPQHA and Ref-PQHA were also comparable, in other words, 
reducing the size o f the PQHA structure will not degrade its diversity performance.
3.6 Conclusion
The meander line technique has been shown useful to reduce the physical length o f a 
conventional PQHA. Using this technique, the axial length o f a conventional PQHA 
was reduced by 53% at the expense o f slight reduction in efficiency.
The design approach used to generate the MPQHAs was also presented. The 
measurement results obtained from the MPQHAs were able to display a similar 
relationship to that of a meander line dipole antenna (MDA) as published in [TsuOO], 
The measurement results also show that a large number o f MPQHAs with different 
meander geometric parameters resonates between 2.3 GHz and 2.4 GHz. This proves 
that with the correct choice o f meander geometric parameters, it is possible for 
MPQHAs to have different axial length yet achieve the same resonant frequency. The 
MPQHAs that have y  value greater than 0.25 were proven to resonate at a lower 
frequency compared to a PQHA that has the same axial length. Here, we can
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conclude that with a high Rvalue, a high reduction factor can be achieved with 
minimum increase in the resonant frequency.
Three different methods for optimisation were carried out to tune a MPQHA to 
resonate at 2 GHz. Method 1 and method 3 were proven to be useful. However, 
Method 3 has the advantage o f achieving a resonant frequency o f 2 GHz without 
increasing its axial length.
The effect o f using a narrower track width was investigated and the results obtained 
suggest that the operating bandwidth became narrower, however there is no 
significant effect on the radiation pattern at the frequency o f operation. Further size 
reduction is also feasible using dielectric loading with the expense o f reduction in 
operating bandwidth and radiation efficiency.
The effects o f the MPQHA on the diversity performance have been presented. It has 
been shown that the MPQHA has similar diversity potential compared to a PQHA. 
This shows that reducing the size o f the MPQHA will not affect its diversity 
performance.
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Chapter 4 
Dual-Band Technique For Quadrifilar Helix 
Antenna
4.1 Introduction
In today’s and future wireless communication systems, there is a demand for a single 
terminal device to provide different services. These services commonly include 
mobile satellite systems (MSS), global positioning systems (GPS), mobile 
communication systems and wireless LANs. The single terminal device that supports 
these systems will operate in two or more frequency bands, hence there is a 
requirement for the antenna to provide dual or triple-band operation. In MSS 
application, the uplink and downlink operating frequency bands are often separated by 
more than the bandwidth o f a single antenna. The Quadrifilar Helix Antenna (QHA) 
is the most commonly used antenna in the MSS application. In mobile 
communication systems, the current GSM system is gradually migrating towards 
UMTS system. This migration implies that a necessary evolution o f current GSM 
system mobile communication antennas are required to operate over multiple 
frequency bands while remaining small in size.
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Currently, the QHA that were investigated by others [LeiOl], [Rob82] and [Ter93], 
offers operation over a single band or dual band that is narrow (less than 50 MHz). In 
this chapter o f the thesis, a novel technique [Che02] that is able to produce a dual 
band reduced size PQHA structure that has a wider bandwidth will be introduced. 
This dual-band MPQHA is designed to operate in the UMTS uplink and downlink 
frequencies to demonstrate the principle.
This chapter will begin with a study o f some of the currently investigated techniques 
that were used to create multi-band antennas. In section 4.3, a novel technique using 
a spur-line band stop filter is introduced to generate a dual band MPQHA. Finally, 
section 4.4 concludes this chapter.
4.2 Multi-Band Techniques for Antennas
There are two different configurations for multi-band antennas. The antenna system 
may consist o f two or more antennas or it may comprise o f a single antenna capable 
o f producing multiple resonance. In the former case, the antenna system usually 
requires two o f more feed and hence this increases the overall complexity o f the 
antenna system. In the latter case, the single antenna usually includes, passive or 
active circuits on the antenna element to produce multiple resonance. These two 
cases as summarised in Figure 4.1, are examined in this section for QHAs and other 
antennas. In practice, a less complex design with a simple manufacturing technique is 
always more appealing to the antenna designer.
Passive -  example: 
filters, Coupled lines
Active -  example: 
PIN diode switches
Figure 4.1. Designing a multi-band antenna
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4.2.1 Multi-Band Techniques For QHA
The idea o f a band-switching QHA was realised in [Rob82] where PIN diodes were 
implemented on the helical element o f the QHA structure. The PIN diodes are placed 
at predetermined locations on the helical radiating elements. This configuration is 
illustrated in Figure 4.2. The forward biasing o f PIN diodes short circuits segments of 
the antenna to effectively change the length o f the coaxial cable radiating elements 
and thereby changes the resonant frequency o f the antenna so that the antenna has two 
separate resonant frequencies. A circumferential belt was used to short the elements 
of the QHA structure together and ground them at the desired length establishing the 
lower frequency band with a centre frequency at 260 MHz. The higher frequency 
band with centre frequency at 302 MHz is created when the PIN diodes are forward 
bias by the D.C. bias applied at the -90° port input at one o f the helical element. The 
capacitors in Figure 4.2 are D.C. blocks that allow the RF currents flow through the 
entire helical element when the diodes are not conducting during the reversed bias 
mode, which tunes the antenna to the lower frequency. The measured radiation 
patterns for both operating bands were very symmetric. Multiple bands are also 
presented in [Rob82] through a more complex arrangement o f circuitry including 
forward and reverse biasing o f PIN diodes from various locations.
(b) QHA configuration 
Figure 4.2. Band switching QHA [Rob82]
An overlapping QHA [Ter93] was designed for mobile satellite communication 
systems operating over the receive (1.52 GHz to 1.559 GHz) and transmit (1.60 GHz 
to 1.626 GHz) bands. This realisation is illustrated in Figure 4.3. The antenna has 
two parallel fed printed QHA fitted into each other and wrap around a dielectric foam
(a) Schematic diagram
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Figure 4.5. Dual frequency QHA [Mik99] Figure 4.6. Dual band QHA
using traps [Lam02]
support. There is no significant difference in radiation pattern measured in both the 
transmit and receive band.
Figure 4.3. Overlapping QHA [Ter93] Figure 4.4. Multi-band and multi-mode QHA
system [Pal95]
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A multi-band, multi-mode antenna system is introduced in [Pal95], the antenna 
system consist of two QHAs spaced from each other on the surface of a hollow 
cylindrical insulator. The two QHAs were built for L-band and S-band operation. A 
caged dipole is also provided on the surface of the hollow cylindrical insulator for 
UHF operation. The three antennas were fed through three separate feed networks 
specially designed to achieve optimum results.
Mikael and Stefan proposed a dual frequency QHA where the four helix elements 
consist of two parallel helices of different length that are in galvanic contact at the 
feed points [Mik99]. This is shown in Figure 4.5. The QHA is designed for L-band 
and S-band operation in mobile satellite systems.
A dual band QHA built to operate at 1227 MHz and 1575 MHz was presented in 
[Lam02], The trap circuit consist of a parallel LC circuit that has infinite impedance 
at its resonant frequency and is placed on each helix element of the QHA structure as 
shown in Figure 4.6. The length of the helix element is chosen for resonant operation 
at the lower frequency band. The trap is placed at the appropriate location for higher 
frequency operation.
4.2.2 Multi-Band Techniques For Other Antennas
A dual band helix antenna was designed to operate in two widely separated frequency 
bands (AMPS and PCS band). This was achieved in [Hay99] by placing a parasitic 
element adjacent to the helix antenna. This is illustrated in Figure 4.7. The 
electromagnetic signals in the lower frequency band are incident on the helix antenna 
radiating element of resonant length for this frequency band. This is achieved by 
adjusting the distance between the parasitic element and the radiating element so that 
at the lower frequency, the signal incident on the radiating element does not couple to 
the parasitic element, but instead remains predominantly in the radiating element. At 
the higher operating frequency, capacitive coupling between the radiating element and 
the parasitic element increases significantly, which result in some of the energy in the 
higher frequency, which are incident on radiating element to experience a shorter 
electrical path due to capacitive coupling effects, thus providing a second resonant 
frequency. Other methods of placing the parasitic elements were also described in 
[Hay99], such as positioning the parasitic element either inside or outside, and parallel
69
•Dual-Band Technique For Quadrifilar Helix Antenna
to the major-axis or alternatively diagonally so as to only be adjacent to two or more 
windings of the helix antenna.
A dual band helix antenna was presented in [EgoOO] by adjusting the total length of 
the wire for the lower band and the pitch angle for the higher band. By varying the 
total length of the wire and the pitch angle, the dual frequencies can be tuned to any 
dual band desired. This concept is illustrated in Figure 4.8. The frequency response 
in Figure 4.8(d) shows that for the uniform pitch helix, only the first resonance is 
tuned to the GSM band but the second resonance is not aligned to the DCS band. By 
keeping the overall length of the helix antenna constant and decreasing the pitch angle 
as shown in Figure 4.8(b), the capacitive coupling is increased resulting in the second 
resonance being shifted down nearer to the first resonance. This is useful for GSM 
and DCS applications. On the other hand, increasing pitch angle will move the 
second resonance away from the first one; this is useful for GSM and Bluetooth 
applications.
Figure 4.7. Dual band helix antenna with parasitic elements [Hay99]
In order to operate in dual frequency, two antennas were used [Era96]. The total size 
of the antenna configuration is made as small as possible by implementing one 
antenna structure inside another. As illustrated in Figure 4.9, three different 
configurations were realised. In the case of helix antennas, the dual frequency 
operation was realised by tuning two helical antennas and placing one within the 
odier. Second method is the use of a monopole tuned to a higher frequency and 
placed inside the helix antenna. The third configuration, the monopole antenna inside
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the helical antenna is wound to reduce the total length of the antenna. All the 
configurations in Figure 4.9 were designed with the intention to operate at GSM and 
DCS band.
helix with decreasing pitch angle, (c) helix with increasing pitch angle, (d) return loss 
o f the helix antenna as the function o f the pitch angle
A r  o
J2.
Figure 4.9. Dual frequency helical antennas [Era96]. (a) Two helical antennas one 
within the other, (b) helical monopole antennas combination, (c) helical antenna 
combined with wound monopole.
The radiation patterns o f two helical antennas one within the other were very similar 
to the ones measured with helical monopole combination. When the radiation 
patterns were compared with the ones o f single helical and monopole antennas no 
significant differences were observed [Era96].
71
■Dual-Band Technique For Quadrifilar Helix Antenna
Kitchener et al. [KitOl] demonstrated the principle o f coupled lines in order to 
generate a dual band antenna. The antenna is made o f a vertical conductor with the 
top part bent over forming a pair o f coupled lines (Figure 4.10). When the physical 
line length is equal to 180° then the electrical length is also 180°. At frequencies 
below the 180° point, the electrical length o f the structure appears to be less than the 
electrical length o f a vertical monopole o f the same physical length. Hence the 
resonance will appear at a higher frequency compared to a vertical monopole antenna. 
At frequencies above the 180° point, the electrical length o f the structure is greater 
than that o f a vertical monopole o f the same physical length. This effectively brings 
the first and third harmonic closer together, creating a dual resonance for the antenna. 
The principle was further demonstrated by having two coupled lines on both sides of 
the main vertical track which gives the potential o f creating multiple resonance.
Figure 4.10. Coupled line principle of Figure 4.11. Printed multi-band
dual resonance monopole [KitOl] antenna [Kim03]
A printed multiband terminal antenna for GPS, international mobile 
telecommunications 2000 (1MT-2000), and Wireless LAN (WLAN) (both 802.11a 
and 802.11b) is proposed in [Kim03], As shown in Figure 4.11, the antenna is 
composed o f two radiating elements with dual feeds. A printed inverted F antenna 
(IFA) with folded branches is used to operate at GPS and WLAN band, and a printed 
inverted L at IMT-2000 band. The printed IFA also utilises the principle o f coupled
Ground
Plane
D ielectric
substrate
Printed Track
72
lines to create multiple resonance. As shown in Figure 4.11, the spacing o f g l or g2 
was used to control the frequency ratio.
4.3 Implementation Of Spur-line Filter For Dual-Band QHA
The different existing techniques for the multi-band antennas were presented in the 
previous section. The trap provides a simple implementation for multi-band antenna 
design compared to any o f the techniques that were presented. The trap circuit uses 
only a single antenna structure and does not require bias or control lines to be 
implemented on the antenna structure. However, the trap is a filter, therefore in order 
to be able to pass one frequency and block another that is close to the first (e.g. 
UMTS uplink and downlink), a higher order trap is required to get the required sharp 
cut off. This obviously has significant implications in terms o f complexity, as well as 
the space that is required on the antenna. In order to solve this problem, a novel 
approach o f using a microstrip spur-line band-stop filter to create a dual band QHA 
will be presented in this section. An introduction o f the spur-line filter is first 
presented in this section; and followed by the implementation procedures and 
measurement results.
4.3.1 Microstrip Spur-line Band-Stop Filter
The microstrip spur-line band-stop filter consists o f a coupled pair o f microstrip lines, 
a quarter wavelength long (referred to the stop-band centre frequency) with open 
circuit at the end of one o f the coupled lines and with both lines connected at the other 
end [Bat77]. Figure 4.12 shows an example o f the spur-line band-stop filter 
embedded on a microstrip transmission line. This is ideal for the MPQHA 
implementation as the spur-line filter can fit directly onto the helix elements.
A full analysis o f the microstrip spur-line filter is given in [Bat77]. The analysis 
includes the effect o f the capacitance between the end o f the spur and the main line. It 
also shows that the energy stored by the resonant structure is mainly determined by 
the odd mode o f propagation and that the electrical length, /, o f the filter is determined 
purely by the odd mode velocity.
--------------------------------------------------------------- Dual-Band Technique For Quadrifilar Helix Antenna
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The centre frequency o f the stop-band, fc, is determined by the length o f the spur and 
the gap b.
2.997925 x10s . . . . .
a = -----------j = -----A/i (4.3-1)
--------------------------------------------------------------- Dual-Band Technique For Quadrifilar Helix Antenna
Z effo
Where f c = Stop band centre frequency (Hz)
seff0 = Odd-mode effective dielectric constant
A/i = Effective length extension due to the gap, b (m)
a------------ #■
xl± .
Figure 4.12. Microwave spui-line section
A modified version o f the conventional spur-line band-stop filter was later proposed 
by [Lin93]. The spur-line broadband band-stop filter [Lin93] implemented on a 
microstrip transmission line is shown in Figure 4.13, this spur-line filter produces a 
wider stop-band compared to a conventional spur-line filter. Despite its complex 
design, the spur-line broadband band-stop filter proves its potential implementation 
for antennas that require two resonant frequencies that are significantly far apart. 
However, in this chapter only the conventional spur-line filter will be discussed and 
implemented for dual band MPQHA operation.
Figure 4.13. Microstrip spur-line broadband band-stop filter
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4.3.2 Design Procedure For Spur-Line Filter
The spur-line filter can be designed according to the procedure described by Matthaei 
et al. [Mat80] followed by further optimisation to obtain the required response. The 
tables and graphs used for any calculations in this section were taken from [Mat80] 
and can be found in appendix A. An example o f the specification o f the filter is given 
in Table 4.1.
fc 2.045 GHz Chebysheff
f l 2 GHz Pass-band ripple 0.01 dB
f t 2.09 GHz
$■ 3.6
b 0.5 mm
X 2 mm
X i 0.75 mm
X2 0.5 mm
Table 4.1. Specifications for spur-line filter
The value o f | co'/cOj | - 1  is determined by the following equations given in [Mat80],
W' 1 i n 03 SA-,n,\= ka t a n - —  (4.3-2)
to, 2 coc
Where k„ = cot K CO
\ 2 c° c )
® c  =
CO, + c o 2
Using the result o f (4.3-2), calculate the number o f elements, n, required to achieve 
the performance given in Table 4.1. Select the value o f g ,• from Figure A.3 and Figure 
A.4 in appendix A as a function o f n, where i range from 0 to 11 depending on the 
value o f n.
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Now calculate the value o f Z \ and Z n  using equations in appendix A.4. Using the 
results, solve for Zqb and Zq0 using the following equations [Bat77],
J12
\
Oe
Z qo I 2 /
f  7  + 7  > ^Oo' Oe
V 2 J
(4.3-3)
(4.3-4)
Evaluate the length a, approximately. However, the effective length extension due to 
gap, b will affect the physical value o f a, as shown in (4.3-1). Therefore, A// has to be 
calculated by,
A/i =  Com Vp0 Zoo (4.3-5)
Where Vpo = Odd mode phase velocity
C0dd — C] + 2 Cj2 — ~r~ +
2 2
A full description for obtaining the value o f  C 0dd is given in appendix B. Now, since 
the PQHA can be considered as two parallel printed suspended lines on an infinite 
substrate, and by symmetry, one suspended line over a ground plane can be obtained 
[Sha93]. Therefore, the value o f eejj  can be calculated using the formula for the 
suspended microstrip line structure (Figure 4.14) [Wad91].
r ~  t\f
h
Figure 4.14. Suspended microstrip line [Wad91]
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= f - K  In
V i-i
- 1 (4.3-6)
Where f ,  = 0.8621-0.12511n
0.4986-0.1397111
\ h y
Once the approximate value of, a, is obtained from these procedures, further 
optimisation can be performed to achieve a more accurate, a, for a better filter 
response.
4.3.3 Spur-Line Filter For MPQHA
In this part o f the section, the spur-line filter is implemented by embedding into the 
helical arms o f a MPQHA. This is illustrated in Figure 4.15. The spur-line filter is 
designed based on the procedures discussed in section 4.3.2. The width, x, o f the 
filter is pre-detennined by the track width, w, o f the helical element. The MPQHA 
used in this section is the sized reduced MPQHA structure created in Chapter 3. For 
convenience, the geometric parameters o f the MPQHA are provided again in Table 
4.2.
Name MPQHA
Laxiai (mm) 38.9
Radius (mm) 7
AA (mm) 6
AL  (mm) 4
Track width (mm) 2
N 0.75
Resonant frequency (GHz) 2.03
Table 4.2. Geometric parameters o f MPQHA
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The spur-line filter is designed to create dual resonance from the original single 
resonance o f the 2.03 GHz MPQHA. This is to prove the principle o f using a spur- 
line filter to create a Dual Band MPQHA (DB-MPQHA) to operate at the UMTS 
uplink and downlink frequencies. The set o f design specifications for the spur-line 
filter are given in Table 4.3.
fc 2.045 GHz Chebysheff
f l 2.0 GHz Pass-band ripple 0.01 dB
f i 2.09 GHz
er 3.6
Geff 1.09
b 0.5 mm
X 2 mm
Xi 0.75 mm
x2 0.5 mm
Table 4.3. Design specifications for the spur-line filter on a MPQHA helical element
Using the design parameters defined in Table 4.3, the value of, a, is calculated using 
the procedures in section 4.3.2. The spur-line filter implemented on the MPQHA has 
the value of a = 27mm. The spur-line filter implementation on the MPQHA is 
illustrated in Figure 4.15. The SI 1 measurement for the MPQHA with and without 
the spur-line filter is compared in Figure 4.16.
Spur-line band-stop 
filter on MPQHA 
helical elements
Figure 4.15. Spur-line filter implementation on MPQHA
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Frequency (GHz)
Figure 4.16. SI 1 measurements for MPQHA and DB-MPQHA
0
Figure 4.17. Radiation pattern measurements for DB-MPQHA
The MPQHA with the spur-line filter implementation display dual band 
characteristics. In Figure 4.16, the DB-MPQHA displays two resonant points for the 
lower band and upper band at 1.9 GHz and 2.17 GHz respectively. The lower band 
displays an impedance bandwidth o f 110 MHz (1.84 GHz to 1.95 GHz) and the upper 
band displays an impedance bandwidth o f 100 MHz (2.12 GHz to 2.22 GHz). At the 
stop band o f the spur-line filter, the return loss response is measured as SI 1 = -2.38 
dB. This shows that most o f the power is reflected at the stop-band frequency. In this 
implementation, the lower band o f the DB-MPQHA does not cover the exact 
bandwidth o f the UMTS uplink frequencies band. At this point, the length o f the 
spur-line filter is implemented only based on calculations and in order to achieve the 
exact UMTS operating bandwidth, further optimisation is required. The radiation 
patterns at the two resonant points were also measured as shown in Figure 4.17. The 
co-polar radiation patterns at the two resonant frequencies are very similar.
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0
Figure 4.18. Comparison o f radiation pattern between MPQHA and DB-MPQHA
The radiation pattern is also compared to that o f the original MPQHA as shown in 
Figure 4.18. At 1.9 GHz, DB-MPQHA has a maximum gain o f Gmax = -2.08 dBiC at 
Ocimax = 0°. The HPBW point (Omb) occurs at 57°. At 2.17 GHz, DB-MPQHA has a 
maximum gain o f Gmav = -2.17 dBiC at Ocmax= 15°. The HPBW point (Omb) occurs at 
63°. The radiation pattern at the two resonant frequencies did not display any 
significant differences compared to the original MPQHA.
4.4 Conclusion
In this chapter, different techniques for multi band antennas were discussed. The 
spur-line band-stop filter was proposed as the technique to create a Dual-Band 
MPQHA (DB-MPQHA).
The design approach used to generate the DB-MPQHA was presented. The S l l  
measurements were used to evaluate the resonant frequencies o f the DB-MPQHA. 
The DB-MPQHA possesses two resonances, one in the UMTS uplink and one in the 
downlink frequency band. The operating bandwidth at these two frequencies is at 
least 100 MHz which is significantly wider than any QHAs that has been reported in 
the literatures. The radiation pattern produced at these frequencies exhibit similar 
characteristics. The radiation patterns o f the DB-MPQHA were also compared to that 
o f the original MPQFLA created in chapter 3. The measured radiation at both
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resonances o f the DB-MPQHA did no show any significant difference when it is 
compared to the radiation pattern o f the MPQHA.
The principle o f using a spur-line band-stop filter to generate a dual band MPQHA 
has been proven to be successful. Further optimisation can be applied on the DB- 
MPQHA to achieve the exact required resonant frequencies.
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Chapter 5 
Simulation Of The Adaptive Combining 
Algorithm For The IQHA
5.1 Introduction
The concept o f the IQHA has been presented in chapter 2 and its various potential of 
improving the communication link were also highlighted. One o f its key 
characteristics is the ability to provide significant diversity gain through appropriate 
selection o f variable weights when it is considered as a four-branch diversity system. 
So far the work that has been earned out by Leach et al. [LeaOOa] included theoretical 
analysis through offline data processing based on the stored complex baseband signals 
collected from a narrowband measurement campaign in the University o f Surrey. The 
details o f the theoretical analysis and the measurement campaign will be briefly 
discussed in section 5.1.1 of this chapter.
hi order for the IQHA to perform diversity combining in real-time, an adaptive 
algorithm is required to update the weights recursively. The key objective o f this 
chapter is to investigate and propose a suitable combining algorithm that can be 
implemented into a micro-controller to perform real-time diversity combining.
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Further details o f the implementations are given in chapter 7. The investigation of the 
combining algorithm in this chapter is carried out through simulations using the real 
channel data collected from the narrowband measurement campaign and a classical 
channel model.
5.1.1 Relative Background Work On Diversity Performance Of The IQHA
A depolarisation measurement campaign was carried out to measure the potential 
diversity gain available by treating the IQHA elements as a four-branch diversity 
system [LeaOOa]. hi a standard QHA configuration, the four helical elements of the 
QFIA structure were combined in phase quadrature between elements and a standard 
hemispherical radiation pattern is generated. Diversity combining is possible by using 
a selection of different weights. The form o f diversity is a combination of 
polarisation and angular diversity, achieved with elements separated by only fractions 
o f a wavelength [Bro03], The measurement campaign was carried out in diffracting, 
reflecting and ‘urban corridor’ environments in order to understand the propagation 
mechanism that contributes to the diversity gain.
Leach et. al. [LeaOOa] carried out the offline data processing on the stored complex 
baseband signals, and cumulative distribution functions (cdfs) on the probability of 
receiving a signal-to-noise ratio (SNR) less than abscissa were produced for different 
combining techniques in different environment. Four combining techniques were 
used in the analysis to investigate the available diversity gains from the IQHA, 
namely: selection combining (SC), equal gain combining (EGC), maximum ratio 
combining with two bifilars (MRC-2) and maximum ratio combining (MRC-4). In 
the EGC configuration, the weights were implemented in RF, whereas for the MRC 
configurations the weights were implemented in the digital domain. The diversity 
potential o f each techniques were evaluated relative to a standard QHA configuration.
In the line o f sight (LOS) situation, EGC provided diversity gain o f about 1 dB 
compared to the standard QHA at 1% probability o f fade. All other schemes resulted 
in deterioration in system performance (SC, MRC-2 and MRC-4) due to increased 
system noise causing a lower SNR. In the reflection situation, EGC produced a 
diversity gain o f 4 dB at 1 % probability o f fade, whereas all other schemes did not 
improve the system performance. In the case o f rooftop diffraction, all diversity
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schemes produced significant gains. MRC-2 and MRC-4 gave approximately 6 and 8 
dB gain, whereas EGC resulted in approximately 14 dB gain (at 1% probability of 
fade). Decreasing diversity gains were observed in all cases as the IQHA moved 
away from the diffracting building. This was due to the increase contribution o f LOS 
component as the IQHA moved away from the building. Finally in the urban 
corridor, MRC-4 and EGC yielded gains o f around 8 dB and 13 dB respectively. In 
this environment, the diversity gains obtained display an independent relationship to 
the position o f the IQHA.
The preceding information was necessary in order to provide a brief understanding on 
the diversity gains available from the IQHA in different environments using different 
combining schemes. A detail description o f the measurement campaign is provided in 
section 5.4.1, where the measurement data were used for the simulation to evaluate 
the performance o f the proposed combining algorithm. Since it has been shown that 
EGC at RF provides the most diversity gain compared to other schemes in any 
environment, therefore, in this chapter, the combining algorithm is investigated based 
on EGC at RF. Complex baseband notation is used throughout this chapter.
5.2 Adaptive Algorithms
Adaptive algorithms are commonly used to update the weight vector o f a system. A 
model of an adaptive array receiver is illustrated in Figure 5.1. Through adaptation, a 
system is able to acquire new signals and continuously approximate and form an 
optimum weight vector to maximise the output SNR. There are many types of 
adaptive algorithms; they can either operate in a block mode or iterative mode 
[Lib99]. In block mode processing, an optimum solution is calculated periodically 
using estimates o f statistics obtained from the most recent available block o f data. In 
iterative algorithms, at each iteration n, the current weight vector, tv(n), is adjusted by 
an incremental value to form a new weight vector, »v(n+l). In this thesis, the 
combining algorithm for the IQHA real-time demonstrator is based on iterative 
technique.
The three common types o f adaptive algorithms are Least Mean Squares (LMS), 
Normalised Least Mean Squares (NLMS), and Reclusive Least Squares (RLS). The
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analysis o f these algorithms in this section was undertaken in order to determine a 
suitable combining algorithm for the IQHA to perform EGC in real-time. Further 
detailed derivation and analysis can be found in [Hay96],
Figure 5.1 An adaptive array processor
5.2.1 The Least Mean Squares Algorithm
The Least Mean Squares (LMS) algorithm is a simple and widely used algorithm. It 
is indeed the simplicity o f the LMS algorithm that has made it the standard against 
which other adaptive filtering algorithms are benchmarked. The LMS does not 
require any measurements o f the correlation functions or matrix inversion. In this 
section, the overview structure and the operation o f the LMS algorithm will be 
presented.
The LMS algorithm [Hay96] is a linear adaptive filtering algorithm that consists of 
two basic processes, namely, the filtering process and an adaptive process. During the 
filtering process, the LMS algorithm computes the output based on the set o f tap 
inputs and generates an estimation error by comparing the output with a desired 
signal. The adaptation process automatically adjusts the tap weights o f the filter 
based on the estimation error. The combination o f these two processes working 
together constitutes a feedback loop around the LMS algorithm. The LMS is given by 
the following four basic relations for updating the tap-weight vector:
Output:
y(/i) = W \n)u(ri) (5.2-1)
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Estimation error:
e(n) = d(n)-y(n) (5.2-2)
Correction vector:
c(n) =  |iLu(n)e*(n) (5.2-3)
Tap-weight adaptation:
»p(/?-Hl) = w{n) + c(n) (5.2-4)
Where w(n) = M-by-1 weight vector at time n
u(n) = M-by-1 input vector at time n 
p. = step size parameter
d(n) = desired signal at time n 
wH(n) = hermitian transpose o f w(n) 
e(n) = error signal at time n
e*(n) = complex conjugate of error signal at time n 
c(n) = correction vector at time n
The convergence o f the LMS algorithm in the mean square is assured by choosing the 
step size parameter p  in accordance with the practical conditions:
0 < ^ < l T - r ^ -------i (5.2-5)
n - k f ]
k=0
Where tap-input power = Z ^ |w ( « - / c ) |2]
a-= o
M = number o f taps
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The convergence rate o f the LMS algorithm is related to the step size parameter in the 
correction factor o f the tap-weight adaptation equation. When a small value o f p. is 
assigned, the adaptation is slow and the excess mean-squared error is small. On the 
other hand, when a large value o f (i is assigned, the adaptation is relatively fast but at 
the expense o f an increased in the average excess mean-squared error after adaptation.
5.2.2 The Normalised Least Mean Squares Algorithm
In LMS algorithm, the tap-weight adaptation »r(n+l) in Equation (5.2-4) has the 
correction factor |iu(n)e*(») applied to the weight vector w(n) and it is directly 
proportional to the tap-input vector u(n). Therefore, when u(n) is large, the LMS 
algorithm experiences a gradient noise amplification problem. To overcome this 
problem, the NLMS algorithm is used. The NLMS algorithm is implemented by 
normalising the correction factor applied to the tap-weight vector n>(n) at iteration n + 
1 with respect to the square Euclidean norm o f the tap-input vector u(n) at iteration n :
■K«+l) =  (5.2.6)
a + \\u(n)\\
Where a = positive constant
ft = adaptation constant
The NLMS algorithm is convergent in the mean square if  the adaptation constant p 
satisfies the following condition:
0 < p  < 2 (5.2-7)
The NLMS algorithm can be view as an LMS algorithm with time varying step size 
parameter. Comparing with the LMS algorithm, the NLMS algorithm also exhibits 
faster convergence rate.
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5.2.3 Recursive Least Squares Algorithm
The RLS algorithm is based on the estimation o f the tap weight vector at the iteration 
o f 11 -  1, in order to compute the updated estimate o f this vector at iteration n upon the 
arrival o f new data. The RLS algorithm utilises information contained in the input 
data, extending back to the instant o f time when the algorithm is initiated.
>r(«) = >r(n-l) + k(n)£*(n) (5.2-8)
Where £*(«) = d{n) -  wH(n-\)u{n)
= priori estimation error 
A7lP (n -  l)«(«)/c(«) =
1 + A. V 7 (n )P (n- i)u{n)
= M-by-1 gain vector at time n 
P(n)  =  \ AP(n-\)  -  X lk(n)uH(n)P(n-\)
= M-by-M inverse correlation matrix
Comparing the RLS algorithm to the simple LMS algorithm, the step size parameter |X 
in the LMS algorithm is replaced by the inverse correlation matrix o f the input vector 
«(«). This result in the convergence rate o f the RLS algorithm being faster than the 
LMS algorithm with the expense o f a large increase in computational complexity.
5.3 The Proposed Combining Algorithm
In this section, a combining algorithm is investigated and proposed for the IQHA 
demonstrator to perform EGC at RF in real-time. The implementation o f the 
combining algorithm depends on whether the algorithm and weights are all 
implemented in the digital domain or whether the weights are implemented in the 
analogue RF domain prior to the receiver.
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In the previous section, an overview o f the three common adaptive algorithms was 
examined. The LMS algorithm is the simplest o f all, in terms o f implementation and 
computational complexity with the expense o f slower convergence rate. The 
proposed combining algorithm is based on the LMS algorithm with slight 
modification. The implementation o f the combining algorithm to perform EGC at RF 
is shown in Figure 5.2.
Figure 5.2 Combining algorithm implementation for EGC at RF
The basic relations o f the combining algorithm are as follows:
Weight adaptation:
w(«+l) = H>(n) + |i«(«)e(«) (5.3-1)
Normalised weight adaptation:
A/ w (n+ l)
>_ (5 '3-2)
Where w(n) = 4-by-l weight vector at time n
u(n) = 4-by-l input vector at time n
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The difference between the combining algorithm compared to the conventional LMS 
algorithm implementation is that only the phase o f the incoming signal is fed into the 
correction factor o f the algorithm. This has two significant advantages in terms of 
system implementation and the stability o f the algorithm. First, the complexity o f the 
front end RF receiver for the IQHA demonstrator is significantly reduced since only 
the phase information is required for the combining algorithm. Second, the 
combining algorithm will not experience the gradient noise amplification problem for 
large values o f input vector. Another difference is that the updated weights are 
normalised by its magnitude, as only the phase information is required to perform 
EGC.
5.4 Simulations For The Performance Of The Combining Algorithm
The simulations for the performance o f the combining algorithm were divided into 
two stages as follows:
Real channels investigation
Four data files were used in total for this simulation, which originated from the 
measurement campaign [LeaOO] for the IQHA. Each data file corresponds to 
an element o f  the antenna. The data files referred to the rooftop diffraction 
environment, which provides promising diversity gains using EGC. The 
analysis is aimed to replicate the diversity gains using the proposed combining 
algorithm.
‘Classical* channels investigation (TDMA access scheme)
Data used for the four channels o f the IQHA are generated by creating 
narrowband fading signals, whose power spectral density follows a classical 
Doppler spectrum. This analysis was aimed to optimise the performance of 
the combining algorithm for EGC when operating in DCS 1800 system.
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5.4.1 IQHA Diversity Combining Analysis
The mathematical analysis carried out in this section is based on that derived in 
[LeaOOc] and is used to calculate the optimum combining throughout the simulations 
in this chapter. The analysis is performed for the standard QHA combining, EGC at 
RF configuration and EGC at RF with two bifilars (EGC-2) configuration. The 
analysis model is based on that given in Figure 5.3.
Figure 5.3 Analysis model for optimum combining
5.4.1.1 Standard QHA Combining
The signals at the four antenna elements are u\, u2, « 3 , u4, and Nr is the noise from the 
receiver. Selection o f the appropriate weights as: w\ = 1, w2 = -j, w^= -1, w4 = +j gives 
the standard QHA operation (signals phased with 90° phase difference). The signal at 
the output o f the combiner is:
y  = w\U\ + w2u2 + W3W3 + W4U4 + Nr (5.4-1)
Thus,
y = u x -ju 2-u 3 + ju4 + Nr (5.4-2)
The signal power is:
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The noise power introduced by the receiver is equal to: 
E K1  
2
Where £[.] = denotes expectation.
Pn = =  a „2 (5.4-4)
Therefore the instantaneous SNR for the QHA is:
I . . ]2\U\ — ]u 0- u ,+  \uA 
SNRqHA= 1 1 - 3 41 (5.4-5)
£  Jr.,
5.4.1.2 Equal Gain Combining (EGC)
For the IQHA, the EGC is applied at RF before the receiver (pre-detection EGC). 
Again the signals at the four antenna elements are u\, ui, «3, U4, and Nr is the noise 
from the receiver. Expressing the received signals in exponential form:
um = \uM\e>A"M (5.4-6)
Where |« m | = magnitude (in Volts)
Z um = phase (in radians)
For EGC, the corresponding weights wi, W2, w-} and wa should be chosen 
appropriately, in order to ensure that the received signals are co-phased, and thus add 
up coherently to provide true diversity. The optimum choice is:
wM= e'jZ"M (5.4-7)
Therefore the instantaneous SNR available from EGC is:
SNReocp, - ^ ' 1 +  11,1 l +  l“ i 1 + 1 " J ) 2  (5.4-8)
^ P..
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5.4.1.3 Equal Gain Combining With Two Bifilars (EGC-2)
The standard QHA may be thought o f as consisting o f two bifilars. A bifilar is a pair 
o f opposite elements o f the IQHA that are fed with a fixed 180° phase difference. 
Configuring the IQHA as two bifilars, limits the number o f elements that may use for 
diversity combining. However, the two bifilar configuration is attractive as only two 
complex weights are required, which simplifies the implementation. The weighting 
system for the two bifilars configuration is shown in Figure 5.4.
Figure 5.4. Two bifilars configuration weighting system
The instantaneous SNR available from EGC for two bifilars configuration is:
C X T D  ^  ( l  3  I +  I u 2 - u ,  l ) 2 „ ,
SNREGcopt(bifi :— :-----------  (5.4-9)
It was assumed in [LeaOOc] that, when combining signals for the offline processing o f 
the QHA or bifilar, the received voltages from the measurements are independent o f 
measurement system noise as the received signals have a large SNR.
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5.4.2 Real Channels Investigation
In this section, the details and results o f the simulation using the real channels data 
will be presented. Before presenting the results, it is necessary to provide an insight 
on how the data was collected and used in this investigation.
5.4.2.1 Information On Data Collection From The Measurement Campaign
The measurement campaign was carried out within the University o f Surrey campus 
at a number o f locations representative o f a satellite communications environment 
[LeaOO]. As shown in Figure 5.5, the measurement locations involved a wide range 
of physical propagation mechanism such as reflection from a building (B only), 
building roof top diffraction (A only), urban corridor scattering (A and B) and a LOS 
reference (neither A nor B).
The transmitting antenna with right hand circular polarised (RCP) was placed on a 
stationary elevated position illuminating the different locations described in the 
previous paragraph. The receiving antenna with the receiving equipment was 
mounted on a moveable platform. The receiving antenna was a printed QHA with 0.5 
turns, diameter o f 20.8mm and axial length o f 62.7mm. The signals received at the 
four elements o f the QHA were fed into separate receivers, which filtered and mixed
Transmit
Antenna
Direction of 
movement
Figure 5.5. Measurement scenarios [LeaOO]
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the frequency down to an IF o f 8 kHz using a common local oscillator to ensure phase 
coherence between the receivers. A calibration process ensured amplitude 
correlation. The IF signals were sampled simultaneously at 32 kHz with 16-bit 
precision, along with trigger pulses from a measuring wheel, which occurred 
approximately every tenth o f a wavelength, as the mobile moved under different 
environments. Subsequent off-line processing digitally mixed the stored data down to 
a complex baseband signal, and the stored trigger pulses were then used to sample the 
data so that position-based results, independent o f mobile speed, were obtained.
5.4.2.2 Simulation Process
The simulation process is illustrated in Figure 5.6. The data files from the diffraction 
roof top environment at two metres away from the diffracting building were used as 
input files for the simulation. The aim is to evaluate the capability o f the combining 
algorithm to update the weights in real time in order to replicate the 14 dB diversity 
gain obtained in [LeaOO], The simulation parameters are provided in Table 5.1.
Figure 5.6. Simulation process
Number o f  samples per branch 49280
Step size parameter, p., 0.5
Sampling interval (s) 3.125 x 10'5
Desired signal (dB) 10
Table 5.1. Simulation parameters for real channel investigation
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The desired signal, is set to 10 dB, which is greater than the maximum output. At this 
stage, the step size parameter, p, is set at an arbitrary value o f 0.5, as more detailed 
investigations on the step size parameter were carried out in the next section. The 
weights were initialised to the conventional phase quadrature between the elements of 
the printed QHA as wi(0) = 1, W2(0) = -j, n>3(0) = -1, h’4(0) = j.
5.4.2.3 Results And Analysis
In Figure 5.7, the output SNREgc produced using the combining algorithm is 
compared with the optimum output SNREGcopt derived from the optimum EGC 
combining equation 5.4-8. The result shows that SNREGG produces the output that 
resembles closely to that o f SNREGcopt- This shows that the combining algorithm is 
able to work effectively to produce the result close to the optimum combining output.
Figure 5.7. Optimum output SNREGcopt and Output SNREGC versus samples, n
There are two error quantities that need to be defined:
<?(«) = d{n) -  yEGC{n) (5.4-10)
e^n ) = yEGCopt{n) - yEGC(n) (5.4-11)
Equation (5.4-10) defines the difference between the desired signal and the output 
signal produced using the combining algorithm. Equation (5.4-11) defines the 
difference between the yEGCopt and yEG C  and is shown more evidently in Figure
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5.8. The result shows that the difference was insignificant. The combining algorithm 
started with a large error, and converged to steady state error within a few samples.
Figure 5.8. Error graph representing the difference between yEG C  andyEGCopt
versus samples n
Figure 5.9. Cdf plot for standard QHA, Optimum EGC and EGC for 2m from 
diffracting building environment
In Figure 5.9, the results shows that the output produced by the EGC is able to 
reproduce the 14 dB o f diversity gain relative to the standard QHA at 1% probability 
o f fade as that in the case o f the Optimum EGC. The simulation results in this section 
show that the algorithm is able to track the variation o f the channel based on the 
measurement data and produce the same amount of diversity gain as that o f an 
optimum EGC combiner.
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5.4.3 Classical Channels Investigation
In this simulation, it is assumed that the antennas are identical elements o f the QHA 
structure, with identical radiation patterns and separated within a wavelength. The 
data used for the simulation in this section consist o f four independent channels of 
narrowband fading signals, whose power density follows a classical Doppler 
spectrum. The analysis is only aimed to help in the optimisation o f the combining 
algorithm, when operating in variable channels. Therefore path loss and interference 
were not taken into consideration in the simulations. As shown in Figure 5.10, the 
channel uses a complex white Gaussian noise generator to represent the in-phase and 
quadrature signal components, with unit variance. The outputs o f this generator are 
passed to a filter, designed to produce a close approximation to the classical Doppler 
spectrum at its output.
Complex Wliite 
Gaussian Noise
‘Classical’ Filter
Transmitter
T
I
Receiver
Figure 5.10. Classical channel model for simulation [Sau99]
hi this simulation, time division multiple access (TDMA) schemes for a DCS 1800 
system is considered. Using this technique, each frequency channel is subdivided into 
eight different time slots numbered from 1 to 8. Each time slot is assigned to a mobile 
user and the eight time slots made up a TDMA frame. The mobile transmit only in its 
assigned time slots and stays idle for the remaining seven time slots with its 
transmitter off. The length o f a time slot, which is equivalent to a burst from a 
mobile, is 577 (is, and the length o f the TDMA frame is 4.615 ms. For the 
simulations in this section, it is assumed that the receiver is receiving from the third 
time slot (or burst) of a TDMA frame. This is illustrated in Figure 5.11. The
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simulation carried out in this section is to evaluate the ability o f the algorithm to adapt 
to the fading channel within each burst.
TDMA frames 577 |js
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 5 6 7 1 
 ^
1
4.615 ms
Fading Channel
Time
-  ■ —  - - - ■ ■ ■  »
Figure 5.11. TDMA frames in fading channel
5.4.3.1 Setting The Desired Signal
The desired signal for estimating the error signal in the combining algorithm is 
initialised to a high value real number at the beginning o f the simulation where the 
status o f the incoming signal is unknown. Subsequently, the desired signal is set to 
twice the value o f the previous output signal. This is explained clearly in the 
following equations:
Desired signal for the first output signal:
d (\)  = 10 dB (5.4-12)
Desired signal for the rest o f the simulation, sample n :
d(ti) = 2*[y(n-l)| (5.4-13)
5.4.3.2 Step size
In order to choose the most appropriate step size to use in the correction factor o f the 
combining algorithm, the step size, p, is varied from 0.5 to 1.5. The step size is 
evaluated by comparing the convergence time for different values o f step sizes. The 
simulation parameters set for this simulation are given in Table 5.2.
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No. o f  TDM A frames 50
No. o f  samples in 1 TDMA frame 1256
Total number o f  samples 62800
Mobile speed (km/h) 150
SNR (dB) 12 dB
Frequency (MHz) 1800
Sampling interval (s) 3.6751 x 10'6
Step size, |A, variation for combining 
algorithm simulation
0.5, 0.8, 1, 1.2, 1.5
Table 5.2. Simulation parameters for step size evaluation
At this stage, the simulation was run for only 50 frames to save computation time. 
The mobile speed was set to 150 km/h to simulate the worst case scenario. The SNR 
of 12 dB was chosen for 1 % bit error for GMSK modulation in a fading channel 
[Mur81], The simulations for different step size parameters were run and the 
ensemble-averaged errors were compared, as shown in Figure 5.12. The convergent 
times were also recorded in Table 5.3.
Figure 5.12. Ensemble averaged error for different step sizes
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Step size, p Convergence time (s) Error overshoot
0.1 8 x 10'5 20
0.5 5 x 10'5 27.3
0.8 2.38 x 10'5 27.95
1.0 2.3 x 10'" 28
1.2 1.8 x 10'3 28.18
1.5 1.8 x 10'5 28.24
Table 5.3. Ensemble averaged error for different step sizes
The simulation results show that the algorithm converge faster with an increasing 
value o f step size. However, as the step size increases, the overshoot also increases. 
Therefore, there is a trade off between convergence time and overshoot. At this stage, 
steps size, (i, = 0.8 provides the best compromise between convergence time and 
overshoot. Therefore, this value o f step size was applied for subsequent simulations.
5.4.3.3 Setting The Weights
There are two methods for initialising the weights for the simulations. The first 
method is to initialise the weights to the conventional phase quadrature between the 
elements o f the antenna. The second method is to initialise the weights to zero phase 
(equal phase) and in complex baseband representation they are basically represented 
as follows: wi(0) = vt^(O) = m^ (0) = m^ (0) = 1
At the end o f each burst, the weights can either be reset to the initialised value or the 
weights can hold its last value in the memory until the next burst. In this section, four 
sets o f simulations were run to evaluate the performance o f the combining algorithm 
using different weighting strategies. These are listed as follows:
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Weighting Strategy Description
Zero phase m»m set to equal phase at initialisation and reset back to equal 
phase at the end o f  each burst
Zero phase (Hold) (I'm set to equal phase at initialisation but hold value of 
weights at the end o f  each burst
Conventional )t>M set to conventional phase quadrature at initialisation and 
reset back to phase quadrature at the end o f  each burst
Conventional (Hold) »rM set to conventional phase quadrature at initialisation but 
hold value o f  weights at the end o f each burst
Table 5.4. Different weighting strategies
The simulation parameters in this section are based on Table 5.5. The weighting 
strategies were also evaluated for different mobile speeds. The performance of each 
weighting strategies were compared in terms of convergence time for each o f the 
mobile speed evaluated. This is shown in Figure 5.13 and Figure 5.14 on the 
ensemble averaged error plot for mobile speed, MS = 10 km/h and MS = 150 km/h 
respectively. For clarity, the results on the graph were also summarised in Table 5.6 
and Table 5.7.
No. o f  TDM A frames 500
No. o f  samples in 1 TDMA frame 1256
Total number o f  samples 628000
Mobile speed (km/h) 10, 150
SNR (dB) 12 dB
Frequency (MHz) 1800
Sampling interval (s) 3.6751 x lO’6
Step size, p. 0.8
Table 5.5. Simulation parameters for weighting evaluation
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Figure 5.13. Ensemble averaged error for different weight strategies (MS =10 km/h)
Weighting Strategy Convergence time 
(s)
Error
Overshoot
Zero phase 2.2 x 10‘? 28.2
Zero phase (Hold) 2.2 x lO'* 28.2
Conventional 1.8 x 10 s 28.2
Conventional (Hold) 1 .8 x 1  O'5 28.2
Table 5.6. Ensemble averaged error for different weight strategies (MS = 10 km/h)
Average Ensemble Error lor different weighting strategies (I90km/h)
Figure 5.14. Ensemble averaged error for different weight strategies (MS = 150
km/h)
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Weighting Strategy Convergence time
(s)
Overshoot
(V )
Zero phase 2.2 x 10'5 28.4
Zero phase (Hold) 2.6 x 10'5 28.6
Conventional 2.6 x nr5 28.4
Conventional (Hold) 2.6 x 10'5 28.6
Table 5.7. Ensemble averaged error for different weight strategies (MS = 150 km/h)
The results suggest that there is no difference in terms o f convergence time and 
overshoot for different weighting strategies when MS = 10 km/h. However, at high 
mobile speed, MS = 150 km/h, Zero phase displays the best performance for both 
convergence time and overshoot compared to any other weighting strategies. This is 
shown in Table 5.7. Therefore, Zero phase is applied for subsequent simulations for 
any mobile speed.
5.4.3.4 Reducing The Overshoot
The results that were presented so far shows that the second sample o f the ensemble- 
averaged error has high overshoot. As shown in section 5.4.3.1, the desired signal for 
the first sample is set to a high value number and subsequent desired signal were set 
to twice the value o f the previous output. However, in the simulations that were 
carried out, the receiver starts receiving at the third burst. As a result, this causes the 
desired signal for the first sample in the third burst to become zero since the receiver 
did not receive any signal before this sample. Another problem arises when the 
current output is more than twice the value o f the previous output. This can result in 
the desired signal being smaller than the output. In order to solve this problem, the 
value o f the desired signal for the first sample is hold until the receiver receives a 
signal that is larger than its current value. The receiver compares the value o f the 
desired signal with the output signal for every sample. The value o f the desired signal 
will be replaced with the value o f the output signal if  it has a value lower than the 
output signal. For clarity, the equations below are provided for better understanding:
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Desired signal for the first output signal:
d(0)=  lOdB (5.4-14)
Desired signal for subsequent sample, n :
c(n+i ) - \ d<n>
V (« )  (d (n )< y(n ))
(5.4-15)
5.4.3.S Sampling rate
In this section, the effect o f decreasing the sampling rate was investigated. The 
simulations that were carried out in the previous sections sampled every bit in a 
TDMA burst. The sampling interval, dt = 3.6751 ps, and equivalently the sampling 
frequency is, Fs = 272 ksamples/sec. For a speed o f 150 km/h, the sampling 
frequency in terms o f samples/wavelength is, Fs = 1088 samples/A.. The performance 
in terms o f bit error rate (BER) at this sampling rate is illustrated in Figure 5.15. The 
reference sensitivity level specified in [3gp99] for user equipment (UE) in DCS 1800 
system is given as -102dBm. Using the combining algorithm the UE is able to 
receive a signal that is much lower than the specified value.
Figure 5.15. Combining algorithm performance for the received signal in a classical
channel for Fs = 1088 samples / X
BA Errot Rato perlcxmanca in classical channel
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At BER = 1 O'2, there is no significant difference in the received signal level (0.09dB) 
between the optimum EGC and the EGC utilising a combining algorithm. The 
diversity gains were evaluated with respect to the received signal level o f a standard 
QHA combining and a single element antenna. The diversity gain achieved using 
combining algorithm for EGC is 12.03 dB.
The sampling frequency was further reduced to evaluate the performance o f the 
combining algorithm for lower sampling rates. The combining algorithm 
performances for different sampling frequencies are given in Figure 5.16. The 
diversity gains achieved using different sampling frequencies were evaluated with 
respect to standard QHA combining and single element antenna as summarised in 
Table 5.8 and Table 5.9, respectively.
(a) Fs =  544 samples/A. (b) Fs =  272 samples/7.
(c) Fs =  136 samples/A. (d) Fs =  68 samples/A,
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(e) Fs = 34 samples/A (f) Fs = 17 samples/A
(g) Fs = 8.5 samples/A. (f) Fs = 4.25 samples/A.
Figure 5.16. BER performance o f the received signal in a classical channel for
different sampling rates
Sampling rate 
(samples/A.)
EGC Diversity Gain 
(dB)
EGCopt Diversity Gain 
(dB)
Gain difference between 
EGCopt and EGC (dB)
1088 12.03 12.12 0.09
544 12.03 12.12 0.09
272 12.03 12.12 0.09
136 12.02 12.12 0.1
68 11.99 12.12 0.13
34 11.88 12.12 0.24
17 11.48 12.12 0.64
8.5 10.51 12.12 1.61
4.25 10.50 12.12 1.62
Table 5. 5. Diversity gain o f E G C  with respect to standard QHA combining
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Sampling rate 
(samples/A)
EGC Diversity Gain (dB) Optimum EGC Diversity Gain 
(dB)
1088 18.17 18.26
544 18.17 18.26
272 18.17 18.26
136 18.16 18.26
68 18.13 18.26
34 18.02 18.26
17 17.62 18.26
8.5 16.66 18.26
4.25 16.65 18.26
Table 5.9. Diversity gain o f EGC with respect to a single element antenna
From Table 5.8, there were no significant differences in diversity gain between the 
optimum EGC and EGC for the sampling rate between 1088 samples/A to 34 
samples/A. When the sampling rate is reduced to 4.25 samples/A., which the ADC 
samples only 1 sample for each burst at the antenna connector, the EGC using the 
combining algorithm degrade by about 1.6 dB o f gain compared to the optimum 
combining EGCopt.
Based on the results from the simulations that were carried out, the optimum 
parameters were obtained for the combining algorithm. This is summarised in Table 
5.10. These parameters will be implemented into the micro-controller in the IQHA 
demonstrator which will be discuss in detail in Chapter 7.
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Parameters o f  combining algorithm
Desired signal, 
rf(0) =  lOdB
\d(n) {d(n) > y(n))
11 I  yin) 0d(n) < y(n))
Step size,
|i. = 0.8
Weighting strategy,
Zero phase - set to equal phase at initialisation and reset back to equal 
phase at the end o f  each burst 
Sampling rate,
34samples/X = 8.5 ksamples/s 
Table 5.10. Summary o f input parameters for the proposed combining algorithm
5.4.3.6 Simulated Performance For EGC-2 Configuration
The advantages and limitations o f using the two bifilar configurations were discussed 
in section 5.4.1.3. hr this section the performance was evaluated and the result from 
the simulation is shown in Figure 5.17. The result shows that the combining 
algorithm in the two bifilars configuration is able to produce the same diversity gain 
as that in the optimum combining for two bifilars. The diversity gains achieved using 
the two bifilars configuration with respect to standard QHA combining and single 
element antenna are 7.28 dB and 13.2 dB, respectively. However, comparing the 
performance with respect to the EGCopt combining with four elements, the 
performance o f the two bifilars configuration is degraded by 5.2 dB.
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Figure 5.17. Performance o f the received signal in a classical channel for two bifilars
configuration
5.5 Conclusion
In this chapter, a suitable combining algorithm for the IQHA demonstrator to perform 
EGC in real time is proposed and investigated. The performance o f the algorithm was 
investigated using real channel measurement data and a classical channel model. The 
results obtained from the real channel simulation suggest that the proposed combining 
algorithm is able to track and produce an output that is equivalent to the optimum 
solution.
Further analysis and optimisation o f the combining algorithm were also carried out 
using a classical channel model. A set o f different parameters for the combining 
algorithm was evaluated through simulations. From the simulations, the performance 
o f the combining algorithm did not show any significant differences when different 
step sizes and weight initialisation strategies were used. However, the result shows 
that the performance o f the combining algorithm is dependent on the desired signal. 
The performance o f the combining algorithm was also evaluated with different 
sampling rates, and the result shows that the sampling rate can be reduce down to 34 
samples/A. (8.5ksamples/s) without any significant difference in diversity gain 
compared to the optimum EGC. This shows that the combining algorithm for the 
IQHA real-time demonstrator can be implemented using a micro-controller, instead of 
a high-speed digital signal processor. This has a significant advantage in terms of
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system implementation simplicity. The advantages o f implementing the two bifilars 
configuration were discussed and its performance was also evaluated. The simulation 
result shows performance degradation o f 5.2 dB with respect to the four elements 
configuration. This degradation in the system gain should be taken into account when 
the system designer considers simplifying the IQHA system.
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Chapter 6 
Simulation For Uplink Beam Steering Of The 
IQHA
6.1 Introduction
In Chapter 2, the concept o f the IQHA was presented together with its capabilities for 
operating in both terrestrial and satellite communications. By applying the 
conventional phase quadrature configuration, the IQHA produces a hemispherical 
pattern suitable for mobile satellite communications; while the equal phase 
configuration produces an omni directional pattern suitable for terrestrial mobile 
communication. This shows that the elements o f the IQHA can be treated as four 
independent element o f  an array. Depending on the physical layout and feed 
configuration, the IQHA can have increased directivity over a single element antenna 
in some directions at the cost o f directivity in others.
As reported in [AgiOO], the radiation in the direction blocked by the head had reduced 
signal strengths o f the order o f 30 dB for a single monopole antenna mounted on a 
ground plane. The potential benefits o f being able to steer the main beam o f the 
IQHA is clear for mobile communication systems [Che03]. First, a greater proportion
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o f mobile transmit power can be directed into a direction which will eventually 
enhance signal energy at the base station. Second, the potential o f reducing the power 
absorbed by the user’s head could be examined. This was monitored via the SAR by 
utilising the phantom head model.
This chapter focuses on the ability o f the IQHA to shape its radiation pattern in the 
elevation plane, starting from an endfire radiation pattern to a backfire radiation 
pattern. Considering the size o f the QHA structure, there is little scope o f shaping a 
narrow pencil beam radiation pattern. However, there are possibilities o f reducing the 
radiation towards the undesired direction, e.g. the head o f the user. The procedures 
together with a simulator were developed in order to obtain the potential variable 
weights for steering the radiation beam o f the IQHA at different angles in the 
elevation plane. The beam steering is demonstrated by varying the phase relationship 
between the elements and having equal amplitude for each element. In a terrestrial 
mobile communication environment, the incident wave is uniformly distributed in the 
azimuth and the elevation angle distribution is assumed to be a Gaussian distribution 
[Tag90]. An omnidirectional pattern is usually used which has gain that is uniform in 
the azimuth but has no gain in the zenith. From the output produced from the 
simulator, three potential sets o f weights were chosen to operate in a terrestrial mobile 
communications environment. These three sets o f weights together with the 
conventional weighting configuration were further investigated through 
measurements in Chapter 8.
hi [Pek98], it was shown that the impedance o f  the IQHA elements is directly related 
to the magnitude and phase o f the signals applied to each element, as well as the 
coupling between elements. Consequently, this has a direct impact on the overall 
efficiency o f the IQHA. In order to understand this relationship, a study based on 
[Pek98] was undertaken in section 6.2 o f this chapter.
6.2 Relationship Between Impedance And Weighting Configuration
The analysis in this section begins with the study o f an arbitrary two-port system, 
where the load and generator impedances are equal to 50Q. The configuration o f this 
two-port system is shown in Figure 6.1.
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Figure 6.1. Two-port system having a 2 x 2 S-parameter matrix
The two-port system can be further developed using signal flow analysis. This is 
shown in Figure 6.2. Since the source and the load impedances are equal (Z\ = Zj = 
500), this gives p \=  p i = 0, which simplifies the system to that shown in Figure 6.3.
E J 2 * — — ft— ——1\-------- ft------ \ ft-----------------— -------- -------------- 1\--------* ----- 1ft----------ft------
A 1 S 11 S 22 L 1■ P i  F 2 j
«------- --------
r
%---------------- ------ ------- (■------- * ----- 4\
>12
Figure 6.2. Signal flow representation o f the two-port S-matrix
E  i / 2 ^ 21
'11'
Figure 6.3. Simplified flow representation for equal load and source impedance
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Based on Figure 6.3, it can be shown that the voltage across Z2 caused by E\ can be 
written as,
V21 = S21 ~~~ (6.1-1)
And by symmetry, tlie voltage caused by E2 over Z\ is,
Vl2 = S l2J f  (6.1-2)
The voltage caused by E\ over Zt can be written as,
V n = j ^ k )  (6,1_3)
By superposition,
v, = v11 + y12= A (1+s11)+A SlJ (6.1-4)
Generalised Equation (6.1-4) for an M port to read at port p,
E  M j?
L  111=1 ^
From Figure 6.5,
y y z
Zin = —  = / p p v (6.1-6)
I ,  (Er - v , )  1 ;
Now, consider the four-port QHA, as a linear four-port device fully characterised by 
its 4 x 4 S-parameter matrix as shown in Figure 6.5. Since Z\ -Z 2 = Z 3  = Z 4  = Zo and 
by setting Zp = Zo and using Equation (6.1-5), Zjn at port, p, can be written by,
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j £  pm
Zn = ----------- z 0 (6.1-7)4 17
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Figure 6.4. Excitation, voltage, current and generator impedance at port p
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Figure 6.5. QHA as a Four-port system having a 4 x 4 S-parameter matrix
Therefore, during beam steering or adaptive weighting, the value of the excitation 
may take any complex value, depending on the configuration of the QHA structure. 
In this situation, the input impedance of each element is determined by Equation (6.1­
7).
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6.3 Beam Steering Simulations
In this section, the beam steering potential of the IQHA in the direction of interest will 
be demonstrated. A simulation process was carried out in order to acquire the 
optimum sets of weights for the IQHA to perform beam steering. It is assumed 
throughout that the required direction of maximum gain is predefined (e.g. away from 
the human head in normal talk position). This section will begin with the radiation 
pattern analysis for the IQHA. The procedure to obtain the optimum weights via 
simulation to steer the maximum gain of the radiation pattern in the elevation and 
azimuth angle is then presented.
The individual elements of the QHA structure are defined as distributed on the x-y 
plane around the z-axis as shown in Figure 6.6.
p
Figure 6.6. M elements situated along a circle of radius, r, on the x-y plane with 
azimuth coordinates (pm, m = l,...,M  and M = 4 for QHA
The pattern produced by this array is written as the multiplication of the element 
pattern and the weighting factor,
£,o.al W )  = Em{9.0) WF
= i > raEm(0,<t>) (6-3- 1)M=1
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Where Em = Electr ic field pattern of element M of the QHA
structure
Equation (6.3-1) shows that by setting appropriate weights at the individual elements, 
there is a potential that the main beam of the QHA can be directed towards the 
direction of interest. In this chapter, the complex weights, wm, have equal magnitudes 
but different phases. Conventionally, for a Left Hand Wound (LHW), Right Hand
circular Polarised (RCP) QHA to produce a hemispherical pattern (endfire or
backfire), the complex weights are given by,
wi = 1 (6.3-2a)
, . f+ v e  for back fire radiation
w2 = ± ] (6.3-2b)
[ -v e  for end fire radiation 
w3 = 2 X  vt>2 (6.3-2c)
w>4 = — W2 (6.3-2d)
However, tire direction of maximum gain for the endfire radiation pattern depends on 
tire design of tire QHA structure. For radiation pattern analysis throughout this 
section, the QHA structure with the geometric parameters given in Table 6.1 is used. 
This is the same size reduced MPQHA presented in Chapter 3. The simulated 
radiation pattern for the MPQHA is given in Figure 6.7. As in Figure 6.7, the endfire 
radiation pattern of the MPQHA has a maximum gain of 4.92 dBi at 6 = 0 °  while the 
backfire radiation pattern has a maximum gain of 5.79 dBi at 6=  180°.
Antenna Name MPQHA
Laxiai (mm) 38.9
Radius (mm) 7
Track Width (mm) 2
AA (mm) 6
AL  (mm) 4
N 0.75
Resonant Frequency (GHz) 2
Table 6.1. Geometric parameters for MPQHA
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The simulated radiation pattern displayed in Figure 6.7 is obtained by modeling the 
MPQHA using the software package called, Numerical Electromagnetic Code (NEC). 
The simulation in NEC assumed perfect wires with no resistive loss; this will explain 
the high gain value obtained from the simulation.
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(a). Simulated elevation angle 
endfire radiation pattern at <p= 0°
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(b). Simulated elevation angle 
backfire radiation pattern at (f> = 0°
Figure 6.7. Simulated radiation pattern
6.3.1 Determining The Variable Weights
This section will demonstrate the potential of steering the main beam of the MPQHA 
from 6 -  0° to 0  = 180° in 5° steps by obtaining the variable weights through 
simulation. The simulation process is illustrated in Figure 6.8. All the radiation 
patterns in this section are presented in the tp = 0° elevation cut. The same weights 
can easily be applied for different elevation cut by rotating the optimum weights in 
the 0 direction accordingly.
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Figure 6.8. Simulation Process
The geometry model of the MPQHA based on the geometrical parameters given in 
Table 6.1 was created in an appropriate format to act as a NEC-Win Pro input file. In 
order to generate the radiated fields from each element of the IQHA, one of the four 
elements was excited with a unity voltage, zero phase waveform. The other three 
elements are connected to 50Q loads and their presence is to account for the coupling 
effects between elements. The NEC simulation creates the electric field values in an 
output text file that can be read by MatLab for subsequent processing to determine the 
suitable variable weights. An application program written in Matlab termed 
“BeamlQHA” was created to perform subsequent processing. First, the radiated 
electric fields from each of the elements of the IQHA are determined from those of 
just one element. The electric field components radiated by element 2, 3 and 4 are the 
same as those radiated for element 1 with a 90°, 180° and 270° rotation in (p 
respectively. As in Figure 6.6, Element 1 is defined as the element whose helical 
portion starts at the feed end on the positive x-axis, element 2 has its helical portion 
starting on the positive y-axis, element 3 on the negative x-axis and element 4 on the 
negative y-axis.
Once the patterns for the four elements of the IQHA were determined, each element is 
fed with variable weights of 10° steps until every possibility of weighting 
configuration is tested. During each test, the maximum gain of the total radiation 
pattern is check if it is in the defined range of elevation angle at <p = 0°. If it is in the
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defined elevation angle range, the “BeamlQHA” displays the value of the variable 
weights, wm, and the radiation pattern is plotted.
6.3.2 Simulation Results And Analysis
From the simulation, there may be more than one possible set of variable weights that 
produce the radiation pattern that has the maximum gain in the same direction. In this 
case, the radiation patterns were compared in terms of the value of maximum gain 
towards the useful direction and value of reduced radiation towards the undesired 
direction. The chosen sets of weights are then defined as the optimum weights. The 
radiation pattern plot for one of the optimum weights, WT16 is compared to radiation 
pattern of WT1 in Figure 6.9 in both elevation and azimuth radiation pattern. In 
Figure 6.9a, the gain of the standard QHA configuration is compared to that produced 
by the optimum weight, WT16; which is optimised to produce maximum gain at 6  = 
75° for (j) -  0° elevation cut. Using WT16, the resultant beam steering gain at the 
useful direction (0 =  75°) is 3.03 dB. The radiation towards the unwanted direction 
(for example, the human head) between the range of 6 -  270° to 0=  300° is reduced 
by 2 dB at 0  = 300°, however increased gain of up to 2.5 dB is also observed at 6  = 
270°. The increased gain in the unwanted direction can be outweigh by the increased 
gain in the wanted direction. The result is confirmed through the measurements as 
described in Chapter 8.
One way of implementing this onto a user terminal application is by having a 
proximity sensor and one example of the proximity sensors can be the IQHA itself. 
The IQHA can serve as a proximity sensor by detecting die change of impedance of 
the QHA structure when it is place next to the human head. The IQHA can then set 
the weights to WT16 to steer the beam towards the useful direction.
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(a) Elevation pattern at (/> = 0° elevation cut
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(b) Azimuth pattern at 6=  90°
Figure 6.9. Comparison of radiation pattern plot for WT1 and WT16
In Table 6.2, the beam steering gain is determined by comparing the maximum gain 
produced by the IQHA using the optimum weights to the standard QHA configuration 
in a particular elevation angle. The final results obtained are summarised in Table 
6.2. In Table 6.2, WT1 is the standard configuration to produce an endfire radiation 
pattern. The results in Table 6.2 shows that the IQHA using the optimum weights 
starts to produce beam steering gain for elevation angles above 55°. This shows that
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for elevation angles below 55°, WT1 is still the optimum choice of weighting 
configuration for the IQHA. Figure 6.10 shows the IQHA steering the beam in the 
elevation angle, Figure 6.10(a) shows the IQHA steering the beam from 0=  0° to 0 = 
90° and Figure 6.10(b) shows the steered beam from 6 -  105° to 6 -  180°.
Name @max
o
Gtnax
(dBi)
Beam steering gain 
(dBi)
Name &max
(°)
G max
(dBi)
Beam steering gain 
(dBi)
WT1 0 4.92 0 WT20 95 2.45 6.34
WT2 5 4.84 -0.02 WT21 100 2.56 7.30
WT3 10 4.79 -0.05 WT22 105 2.68 8.22
WT4 15 4.43 -0.31 WT23 110 2.91 9.16
WT5 20 4.25 -0.34 WT24 115 3.07 9.90
WT6 25 4.06 -0.34 WT25 120 3.16 10.45
WT7 30 3.37 -0.79 WT26 125 3.43 11.06
WT8 35 3.36 -0.51 WT27 130 3.50 11.37
WT9 40 3.05 -0.48 WT28 135 2.30 9.93
WT10 45 2.83 -0.30 WT29 140 3.08 11.23
WT11 50 2.49 -0.19 WT30 145 3.13 11.36
WT12 55 2.33 0.16 WT31 150 3.47 11.76
W TO 60 2.04 0.44 WT32 155 3.47 11.81
WT14 65 1.74 0.77 WT33 160 4.57 12.96
WT15 70 2.63 2.36 WT34 165 4.79 13.22
WT16 75 2.55 3.03 WT35 170 5.12 13.58
WT17 80 2.29 3.58 WT36 175 4.98 13.46
WT18 85 2.35 4.49 WT37 180 5.79 14.24
WT19 90 2.27 5.28
Table 6.2. Summary of simulation results
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(a) Beam steering between 0° to 90° at 0=  0° elevation cut
(b) Beam steering between 105° to 180° at 0° elevation cut 
Figure 6.10. Beam steering for IQHA
From the results, in the upper hemisphere, the IQHA is able to achieve up to 5 dB of 
beam steering gain at 6  = 90° compared to the standard QHA configuration. In the 
lower hemisphere, the IQHA achieves up to 14 dB of beam steering gain at 0 -  180°.
The results that were presented so far shows the elevation pattern maximised in the (p 
= 0° direction. However, the same elevation pattern can be easily repeated in any 
elevation cut by simply rotating the value of the optimum weights in the x-y plane. 
This is shown in the following equations,
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Winew = (W 1COS0 + W4s in 0) i (6.3-3a)
A
W2new = O iS in 0 + W2COS0) j (6.3-3b)
A
M>3new = ~ (w 2s in 0  + Vt>3COS0) i (6.3-3c)
A
W4new = ~ (W3S ill0 + W4COS0) j (6.3-4d)
Where www  = new optimum weights for different elevation cuts
wm = optimum weights
i , j = Unit vectors in the x-y coordinate system
6.4 Conclusion
In this chapter, the performance enhancement of the IQHA in the uplink has been 
presented. The relationship between the input impedance and the weighting 
configurations was studied. Based on the study of the impedance equation, one 
understands that the weighting configuration has a direct impact on the input 
impedance at each port of the QHA.
The simulation procedure to obtain the optimum weights for the uplink beam steering 
was presented. The simulator was developed to identify the optimum weights for 
maximum gain in the direction of interest. The simulation results show that up to 5 
dB and 14 dB in the upper and lower hemisphere respectively, of beam steering gain 
is achievable compared to the standard QHA configuration. The simulation results 
show that the IQHA is capable of steering the main beam from the conventional 
hemispherical radiation pattern to an elevation angle of 0>  55° in order to maximise 
the gain in the wanted directions. Further investigations can be carried out in the 
future to investigate the possibilities of steering the main beam in the azimuth plane.
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Chapter 7 
The Development Of The IQHA Demonstrator
7.1 Introduction
In this chapter, the development of the IQHA demonstrator is presented. This chapter 
will begin with a discussion of the high-level system architecture of the IQHA 
demonstrator in which three possible design solutions were proposed. As the choice 
of the proposed system design influences both the implementation of the hardware 
and the combining algorithm, the advantages and limitations of each solution will be 
highlighted. Following this, the hardware and software implementations are 
described in section 7.3 and 7.4 respectively. In both sections, the techniques, 
development and testing procedures were presented in detail such that the reader will 
be able to replicate the IQHA demonstrator design if required. The proposed 
combining algorithm in Chapter 5 is implemented into the micro-controller and 
described in section 7.4. Finally, the completed hardware and software were put 
together as a system, and a calibration was carried out to ensure accurate operation of 
the IQHA demonstrator.
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7.2 The IQHA Demonstrator
In this section, the design of the IQHA demonstrator will be presented. First, the 
high-level system architecture of the IQHA demonstrator is presented in which three 
possible implementations are proposed and discussed. One of the three possible 
configurations was finally chosen and its system specifications and detailed circuit 
design is described.
7.2.1 High Level System Architecture Design For The IQHA Demonstrator
There are three possible configurations for the IQHA demonstrator system, the first 
one is the post-detection configuration and second is the simplified post-detection 
configuration, and they are illustrated in Figure 7.1 and Figure 7.2 respectively. The 
operations for both configurations will be described in the subsequent paragraphs in 
this section. The third configuration, which is the pre-detection configuration, is 
illustr ated in Figure 7.3 in the final part of this section.
7.2.1.1 Post Detection
In the configuration shown in Figure 7.1, the signals are received independently by 
the four elements (E l -  E4) of the MPQHA structure. The received signals from the 
four independent branches are filtered by die duplexer which also provides good 
isolation between die transmit and receive signals. At die output of the duplexer the 
received RF signal (R1 -  R4) is down-converted to the IF band and finally separated 
into two distinct paths where it is converted into its IQ baseband components. The 
analogue-to-digital converters (ADC) converts the signal at the input of the micro- 
cond'oller unit. In the micro-controller unit, die input signals are stored in the RAM 
before any signal processing takes place. The combining algorithm retrieves the 
signals from die RAM and combines them using die appropriate combining schemes 
in order to maximize die SNR.
In die transmit direction, the reverse operation happens and the uplink beam steering 
algorithm implemented in the micro-controller unit is used to apply the appropriate
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weights in order to enhance the gain in the uplink. The overall system controller in 
the micro-controller unit controls the overall operation of the IQHA demonstrator.
MPQHA. Structure 
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Figure 7.1. Block diagram of the IQHA demonstrator (Post detection)
7.2.1.2 Post Detection With Digital IQ Detection
The post-detection configuration illustrated in section 7.2.1.1 utilised four receivers. 
As the number of ADC is twice the number of receivers needed, this results in an 
increased size and complexity in the analogue circuitry. In order to simplify the 
analogue parts, the micro-controller unit is used to perform the down conversion to 
baseband and ADC conversion is then performed in the IF band. This is illustrated in 
Figure 7.2. In this configuration, the analogue circuit is simplified with the number of 
ADCs reduced to four, but the computational load of the micro-controller unit 
becomes larger.
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MPQHA Structure
Figure 7.2. Block diagram of the IQHA demonstrator (post detection with digital IQ
detection)
7.2.1.3 Pre-Detection
In Figure 7.3, the pre-detection configuration of the IQHA demonstrator is illustrated. 
The operation of this configuration is similar to that described in the post-detection 
configuration. The only difference in this configuration is that the received signals 
from the four independent branches are weighted and combined in RF. This 
simplifies the circuit to only one baseband receiver, which is beneficial in terms of 
system noise, size and battery life. However, one major disadvantage of this 
configuration is that complex weighting has to be implemented at RF. The 
optimisation of the weights is based on the combined output and the channel 
information, which may require a more complex combining algorithm as well as 
greater RF complexity. Although the pre-detection configuration requires a more 
complex combining algorithm, the advantages of having a single receiver at the 
baseband makes it the recommended choice for the implementation of the IQHA 
demonstrator.
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Figure 7.3. Block diagram of IQHA demonstrator (pre-detection)
7.2.2 System Specifications
The system specification of the IQHA demonstrator is given in Table 7.1. The IQHA 
demonstrator was designed and aimed to operate in DCS 1800 system. It is intended 
that upon successful demonstration of the IQHA demonstrator in the anechoic 
chamber, manufacturers and operators can then use the approach and progress 
directly to product development. Three scenarios were use to test and evaluate the 
performance of the IQHA demonstrator in the anechoic chamber. The proposed 
scenarios vary from a high multipath environment to a multipath environment with 
the presence of a strong line of sight (LOS) components. The proposed controlled 
multipath scenarios will be fully described in Chapter 8. The QHA structure is 
essentially a MPQHA structure resonating at 1.8 GHz. The combining technique is 
the pre-detection combining method described in the previous section. The 
combining scheme is equal gain combining using an adaptive combining algorithm in 
which the performance was evaluated and presented in Chapter 5.
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Parameter Specification Remarks
Operating System DCS1800 The system  is designed for 
DCS 1800 system, such that 
anyone can perform  further real 
channel m easurements 
(Outdoor) follow ing the 
success o f  anechoic test on the 
IQHA demonstrator.
Operating Mode Terrestrial
Operating Frequencies DCS 1800 uplink: 1710 -  1785 M Hz 
DCS 1800 downlink: 1805 -  1880 M Hz 
Channel Bandwidth: 200 kHz
Scenarios for anechoic 
chamber test
Controlled m ultipath scenario in anechoic chamber:
1. Scenario A
2. Scenario B
3. Scenario C
Scenario C has the most 
multipath and fading and 
Scenario A  is the least 
multipath and fading.
QHA structure Mechanical Characteristics
M eander Line Printed Quadrifilar Helix Antenna 
(MPQHA)
Size: LMial =  32mm 
Radius =  7m m
W eight: Light weight
Electrical Characteristics
Pattern: N om inally conventional phase quadrature or 
Adaptive beam  forming
Gain: -2dBi w ith conventional standard QHA 
configuration
Polarisation: Nom inally Circular but 
adaptive to incom ing 
signals
Impedance: 5 0 0  ± 1 5 0
Return loss: >10 dB
Resonant Frequency: 1.8 GHz
Diversity M ethod: Four branch diversity 
Com bining scheme:
(RF) Pre-detection com bining to allow a single 
baseband receiver chain
Com bining algorithm:
Chosen to give good trade-off betw een complexity 
and perform ance -  modified from  LMS algorithm, as 
presented in Chapter 5
Table 7.1. System specifications for the IQHA demonstrator design
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7.2.3 The Proposed IQHA Demonstrator Design
In the preceding sections, three different configurations for the IQHA demonstrator 
were proposed. The pre-detection configuration is the most preferred solution, having 
the key advantage o f utilising one baseband receiver. The specifications o f the 
demonstrator were based on this configuration. In this section, the detail design o f the 
proposed IQHA demonstrator will be presented together with the description o f the 
downlink and uplink operations. The design o f the proposed IQHA demonstrator is 
shown in Figure 7.4. The component listing for the IQHA demonstrator is given in 
Appendix C. In Figure 7.4, only one branch o f the IQHA demonstrator is shown, as 
the three other branches are identical. The IQHA demonstrator is an applique design 
solution that can be implemented in the RF front end of a DCS 1800 phone. This 
offers the advantage o f easy implementation onto any currently available DCS 1800 
phone.
MPQHA
El -^*
Figure 7.4. The proposed IQHA applique design
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7.2.3.1 Downlink Operation
The received signals from the four branches o f the MPQHA structure are filtered by 
the duplexer within the frequency band of 1805 -  1880 MHz. The duplexer also 
provides isolation between transmit and the received signals. The received signal is 
amplified using a low noise amplifier (LNA). The incoming signal is then split into 
two paths, one is down converted into intermediate frequency (IF) to detect the phase 
of the incoming signal and the other path will be co-phased before combining all 
signals from the individual elements. The IF is chosen as 10.7 MHz. The signal is 
then amplified by the IF amplifier and the automatic gain controller (AGC), and 
filtered, before feeding it into the phase comparator circuit. The AGC ensures a stable 
0 dBm output which is required by the phase detectors to perform accurate phase 
detection. The phase comparator reads two inputs using two phase detectors, PD1 
and PD2. The analogue DC outputs, x la  and x lb , where one o f the inputs is 90° out 
of phase relative to the other are fed into the micro-controller unit, which process the 
signal using the adaptive combining algorithm to produce the appropriate phase shift 
for the digitally controlled analog phase shifter. The micro-controller is essentially a 
PIC18C801 demonstration board from Microchip Technology. The PIC18C801 has 
an inbuilt analog to digital converter, therefore the analog outputs from the phase 
detector can be read directly, hi the RF branch, the incoming RF signal is co-phased 
using a digitally controlled analog phase shifter which operates in 8 bits allowing 256 
discrete values o f phase that corresponds to a 1.4° step. By implementing the 
digitally controlled analog phase shifter, the demonstrator circuitry is simplified, as 
the digital-analog converters (DAC) were not required. The co-phased RF signals 
from the four branches o f the IQHA are combined and the total output is split into two 
paths. One o f the output paths is fed into a standard DCS 1800 phone and its output is 
demodulated. The second path is down converted and detected using the level 
detector in order to provide the output signal level information required by the 
adaptive combining algorithm in the micro-controller unit.
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7.2.3.2 Uplink Operation
111 the uplink, the sensor monitors the distance o f the IQHA and the user’s head. Once 
the sensor detects that the IQHA is placed next to the human head, the micro­
controller unit will use the identified sets o f weights to steer the beam away, hence 
improving the communication link. The digital outputs from the micro-controller unit 
are fed into the digitally controlled analog phase shifter to adjust the phase o f the 
individual elements to produce the wanted radiation pattern. At this point, the sensor 
can be a proximity sensor, temperature sensor or the IQHA itself; the final selection 
depends on the complexity o f the implementation and the required accuracy.
7.3 Hardware Development And Testing
As shown in the components list in Appendix C, most o f the components were 
purchased from microwave/RF device manufacturers. The main components that 
were developed for the IQHA demonstrator are the phase comparator circuit and the 
automatic gain control circuit. The development o f these two circuits will be 
presented in this section. The digitally controlled analog phase shifters were also 
tested in order to take into account the non-linearity o f the components.
7.3.1 Phase Comparator Circuit
The phase comparator circuit is made up o f power splitters, two phase detectors and a 
DC offset circuit. The phase detector is the SYPD-1 phase detector from Mini­
circuits. The SYPD-1 phase detector behaves similarly to a double-balanced mixer, 
but is specified for a common frequency input to the LO and IF ports. It yields a DC 
output ranging from -lOOOmV to lOOOmV. The ADC in the PIC18C801 micro­
controller is able to take an input voltage range from -0.3V  to 5.3V. Clearly, the DC 
output voltage range from the phase detector output is out o f the input voltage range 
o f the PIC18C801 micro-controller. A DC offset circuit is therefore required at the 
output o f the phase detector. The phase comparator circuit is shown in Figure 7.5.
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Input of ADC of 
Micro-controller
Input of ADC of 
Micro-controller
2 Way 90° 
Splitter
Figure 7.5. Phase comparator circuit
The four phase comparator circuits for each branch o f the IQHA demonstrator were 
fabricated and assembled onto a PCB and their performance was evaluated. The 
laboratory test set up for the phase comparator is shown in Figure 7.6. The 10.7MHz 
signal is generated from the two separate signal generators. One o f them is the local 
oscillator (LO) and the other simulates the incoming IF signal in which its phase is 
varied from 0° to 360°. The two DC outputs (x la  and x lb) were monitored via an 
oscilloscope.
Figure 7.6. Test set-up for phase comparator circuit
135
The Development O f The IQHA Demonstrator
7.3.2 Automatic Gain Controller (AGC)
As mentioned in previous sections, the phase detector requires a stable constant input 
in order to perform accurate phase detection. Therefore an AGC circuit is required 
before the input of the phase detector. The AD603, low noise, voltage-controlled 
amplifier from Analog Devices was implemented to produce a stable input for the 
phase detector. The AGC circuit was developed and tested. The performance curve 
of the AGC is shown in Figure 7.7.
Figure 7.7. Performance curve o f AGC
As shown in Figure 7.7, the AGC circuit is able to operate over an input dynamic 
range o f -65  dBm to lOdBm while maintaining stable constant output o f 0 dBm, 
which is required by the input o f the phase detector.
7.3.3 Testing The Digitally Controlled Analog Phase Shifter
The digitally controlled analog phase shifter is one o f the key components in the 
IQHA demonstrator to ensure that accurate co-phasing o f the RF signals is performed. 
The digitally controlled analog phase shifter is the QQ-34 model from K.DI Triangle 
Corporation. Its specifications are given in Appendix C. The digitally controlled 
phase shifters (QQ-34) vary the phase o f an RF signal in response to a TTL 
compatible logic input signal. The QQ-34 unit consists of an analog phase shifter and 
a digital to analog converter as shown in Figure 7.8. The TTL logic input signal is 
controlled using the micro-controller.
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Analog 
Phase Shifter
D/A
Converter
Digital Inputs -  8 bits
-•+15
-•-15
Figure 7.8. Digitally controlled analog phase shifters
The digitally controlled analog phase shifter operates with 8 bits, allowing 256 
discrete values o f phase. The test set up for the unit is shown in Figure 7.9. The 
micro-controller generates 256 TTL logic values which are fed to the TTL inputs of 
the digitally controlled analog phase shifter. The phase shifts for the four phase 
shifters were monitored on the network analyzer at 1.8 GHz. The performance curve 
is plotted in Figure 7.10.
Figure 7.9. Test set-up for the digitally controlled analog phase shifter
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Figure 7.10. Performance curve o f digitally controlled analog phase shifter
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7.4 Software Development And Testing
In this section, the implementation o f the adaptive combining algorithm into the 
micro-controller will be presented. From Chapter 5 the combining algorithm to be 
implemented is given by,
Weight adaptation:
w(??+l) = w{n) + \iu(n)e(n) (7.4-1)
Normalised weight adaptation:
ii>(n+l) -  " l<il+ 0  (7.4-2)
K » +  M
Before implementing the equation above into the micro-controller, a flowchart is 
produced. This is illustrated in Figure 7.11. h i this section the illustration for the 
implementation o f the combining algorithm is based on this flowchart. The 
explanation is given based on a single branch o f the IQHA element, as the logic and 
techniques o f implementation are similar for the other three branches o f the IQHA 
elements.
The code for this implementation is written and complied using MPLAB Integrated 
Development Environment (IDE). The complied hex code is downloaded into the
micro-controller using the PIC-DEM18R program specifically provided with the
PIC18C801 demonstration board.
7.4.1 Number Representation
The combining algorithm for the IQHA demonstrator is implemented using fixed 
point two’s complement arithmetic. All numbers are stored in fractional tw o’s 
complement format where the Most Significant Bit (MSB) is the sign bit and there is 
an implied decimal between right after the MSB and the least significant bit (LSB). 
This is commonly referred to as Qx format where the number after the Q represents
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the number o f fractional bits in a word. To illustrate this more clearly, two examples 
that will be used in the algorithm implementation are provided below.
Figure 7.11. Flowchart for combining algorithm implementation into micro­
controller
Example 1. Convert the 8 bit signed binary number 1101 OOIO2 in Q2 format to 
decimal.
Step 1. Since sign bit is 1, it is a negative number, 
take tw o’s complement: 00101IIO2 
Step 2. D = 1*23 + 1*2' + 1*2°+1*2'1 
= 11.5,0 
=  -11 .5
Exam ple  2. A 16 bit word with the decimal point after the MSB would be referred to 
as Q15. This format allows numbers over the range o f -1 to 0.99. This is illustrated 
as follows:
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Convert the 16 bit signed binary number 0111 1111 1111 I I I I 2 in Q15 format to 
decimal.
Step 1. Since sign bit is 0, it is a positive number,
D = I T 1 + 1*2'2 +1*2'3 +1 *2~4 +1*2"5 +1*2‘6 +1*2'7 +1*2~8 1*2~9 + 
1*2'10 + l* 2 'u +1*2'12 +1*2'13 +1*2"14 +1*2"15
= 0.9999699482i0
Convert the 16 bit signed binary number 1000 0000 0000 OOOO2 in Q15 format to 
decimal.
Step 1. Since sign bit is 1, it is a negative number,
take two’s complement: 1000 0000 0000 OOOO2 
Step 2. D = 1 *2°
= 110 
= -1
7.4.2 A/D Conversion
The PIC18C801 micro-controller has 12 inputs for the analog-to-digital (A/D) 
converter module. The A/D allows conversion o f  an analog input signal into a 
corresponding 10-bit digital number. The A/D module has five registers:
• A/D Result High Register (ADRESH)
• A/D Result Low Register (ADRESL)
• A/D Control Register 0 (ADCONO)
• A/D Control Register 1 (ADCON1)
• A/D Control Register 2 (ADCON2)
The ADCONO register controls the operation o f the A/D module. The ADCON1 
register configures the functions o f the port pins. The ADCON2 configures the A/D 
clock source and justification. The ADRESL and ADRESH registers contain the 
result o f the A/D conversion. For additional details o f the registers, refer to the
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Microchip PIC 18C601/801 data sheet [MicOl]. The process for the A/D conversion 
is given in Figure 7.12.
Figure 7.12. Flowchart for A/D conversion
For the A/D converter to meet its specified accuracy, a Tad time is required before the 
next conversion starts. It is recommended in [MicOl], that a 2 T Ad (=3.2 |ls) wait is 
required before the next acquisition is started. This is achieved by introducing a delay 
routine after each conversion is completed.
The mathematical operations that will have to be performed in the later stages are in 
terms o f 8 bit digital numbers. However, the A/D converter converts an analog signal 
into a 10 bit digital number; hence it is necessary to convert the A/D results into 
equivalent 8 bit representations. To achieve this, a 10-to-8 bit conversion routine is 
included as shown in Figure 7.13.
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c Start ~)
Figure 7.13. 10-to-8 bit conversion routine
7.4.3 Phase Detection Routine
As the micro-controller reads two inputs, x la  and x lb , with x lb  being 90° out-of­
phase relative to x la , it is hence necessary to resolve the actual phase information 
from these two inputs. The routine o f for the phase detection is illustrated in Figure 
7.14.
Figure 7.14. Phase detection routine
142
The Development O f The IQHA Demonstrator
7.4.4 Calculating The Weights
The calculation o f the weights (Figure 7.15) involves the addition o f the current 
weight with the correction factor before the normalisation o f weights. The 
computation o f the correction factor involves the multiplication o f the adaptation 
constant with the error and the IQHA branch phase information. In the computation, 
the magnitude and phase are represented in two separate data registers (Figure 7.16). 
Different Qx formats are used for the magnitude representation, while QO format are 
used for phase representation. The registers and their Qx format representations that 
are used for the weight calculations are given in Table 7.2.
Next Weight Correction Factory\ eigm t~
Current Weight
Figure 7.15. Weight update equation
u magnitude u phase
Where x - *1* or ‘O’
Figure 7.16. u register magnitude and phase representation
Description Register
Magnitude 
bits length
Qi format 
(M agnitude)
Phase bits 
length
Q , format 
(Phase)
IQHA Branch 
Information
u 8 2 8 0
Adaptation
constant 11
8 2 0 0
Error E 8 2 0 0
Weight W 16 4 8 0
Table 7.2. Registers for weights calculation
After reading the value o f the phase information from the IQHA branch using a phase 
comparator and the A/D conversion, the phase value is stored in the u phase register.
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Since the value o f the u magnitude register is always 1, the magnitude o f u can be 
ignored during the calculation. Figure 7.17 illustrates the computation o f the 
correction factor. The u magnitude is ignored in the calculation and the computation 
involves only the multiplication o f |l  and e. The result o f the multiplication is stored 
in the correction factor registers. The 8x8 multiplication is computed using the 
existing library function o f fixed-point math routines from Microchip. The multiplier 
and the multiplicand are stored in a temporary register called the ‘A ’ argument 
(AARG) and the ‘B ’ argument (BARG) registers respectively. The fixed point 
multiplication routine FXMxxyy, takes an xx-bit multiplication in the AARG register, 
a yy-bit multiplier in the BARG register and returns the (xx + yy)-bit product into the 
AARG register.
IGNORED.
Adaptation constant 
multiply by error
o | o | o | o | c | l | c | o |  I x I x I x I x I x I x I x I x I
{
u magnitude
III H » H
Adaptation constant, |i 
X
| x | x | x | x | x | x j x | x |
Error, e
Correction factor (H) Correction factor (L) Correction factor 
(Phase)
Where x= ‘1’ or ‘O’
Figure 7.17. Computation o f  correction factor
To add the current weight w and the correction factor c, the addition operation has to 
be computed in complex representation. In order to convert the correction factor into 
its real and imaginary representation, the sine and cosine routine has to be 
implemented as illustrated in Figure 7.18 and Figure 7.19 respectively. A sine look 
up table is implemented for this routine and it is included in the Appendix D o f the 
thesis. For accuracy, the 16-bit Q15 format is used for the sine look up table. Figure 
7.20 explains the conversion; the 16x16 multiplication is computed using the existing 
library function o f fixed-point math routines from Microchip. The result is a 32 bit
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real part o f  the correction factor. The same procedure is applied to compute the 
imaginary part o f c and both the real and imaginary parts o f w.
Figure 7.18. Sine routine
Figure 7.19. Cosine routine
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{
f x j X I X [ X | X | X I X | x | | x j x [ x | x j x | x j x | x |  I X j X I X I X I X t X I X I X | 
Correction factor (H) Correction factor (L) Correction factor16x16 1 (Phase)
multiplication X ^
| x | x|x | x|x|x |x|x|  | x| x|x|x|x|x|x|x]
Cosine of correction 
factor (Phase)
E n te r  th e  
Corine 
R outine
i X | X | X | X | X | X | x | x | | x| x| x| x| x| x| x| x|  | x| x| x| x| x| x| x| x|  | x| x|x|x|x[x|x|x|
Real part of correction factor (32 hits)
Figure 7.20. Conversion o f correction factor into its real representation
Once the correction factor c and the current weight >t> are converted into their real and 
imaginary components, the addition operation begins. The result is returned into 32 
bit real and imaginary w registers. The addition operation is given in Figure 7.21.
| x | x | x | x | x | x | x | x |  | x j x | x | x | x | x | x | x |  I X I X j X | x  J X I X I1 * 1 * 1  l * l * l * l * l * l * M * l
Real part of correction factor (32 hits)
+
I X | X | X [ X | X j X | X | X | 1 X I X I X I X I X I X I X I X I I X I X I X I X I X I X I X | x | | x | x | x | x | x j x | x | x {
Realpartof currentweight (32 bits)
AVr 3 Wr 2 Wr 1 Wr 0
| x j x j x | x | x [ x j x | x | | x | x | x | x | x | x | x | x |  | x | x | x | x | x | x 1 X | x  | ( x | x | x | x | x | x | x ( x |
Real part of nextweigjit (32 bits)
| x|x|x|x|x|x|x|x|  I X I X I X I X [ X I X I X I X [ I X I X I X I X I X j X I X x| | x| x| x|x|x|x|x|x|
Imaginary part of correction factor (32 bits) 
+
|x|x|x|x|x(x|x|x|  | x| xjx|x|x|x|x|x|  |xjx|x|x|x|x|x 1*1 |x|x|x|x|x|x|x|x|
Imaginary part of currentweight bits)
Wi 3 Vi 2 AW 1 AW 0
|x|x|x|x|x|x|x|x|  jx|x|x|x|x|x|x|x|  I X I X I X I X I X I X I X | X | | x| x|x|xjx|x|x|x|
Imaginary pari of next weight (32 hits)
Figure 7.21. Adding the correction factor to current weight
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The final step o f the algorithm is to recover the phase from its complex 
representation. In order to achieve this step, an inverse tangent operation has to be 
performed. The inverse tangent operation is illustrated as a flowchart in Figure 7.22. 
The first step that is performed in this routine is to distinguish in which quadrant of 
the complex plane the resultant value is located after the divide routine. This is 
achieved by checking the sign bits o f register Wr and Wi before the division 
operation. Once the quadrant is distinguished, a 32 bit divide routine is performed. 
The 32 bit divide operation is shown in Figure 7.23. The result from the divide 
operation is a 32-bit result and 32-bit remainder. Through intensive investigation, it 
was found that the result in register Re_0 and _Re_l do not have significant 
contribution to the final value o f the inverse tangent operation. Hence only register 
Re 2 is used for look-up table to achieve the final value o f the inverse tangent 
operation. As the four quadrants share the same look up table and hence 
mathematical operation is performed after the look-up table for results in Quadrant 2, 
3 and 4. This is illustrated in Figure 7.22.
C f ^ D
Cleck the sign bits of
imaginary and real 
part of current 
weight
1
2** Quadrant
Perform 32 
bit division
Goto Table U Goto Table >0
1
255 - Result +1 - value
Goto
TrtfeO
Goto 
Table >0
1 \
Result + 128 = value
Goto 
Table-0
I
( ** )
Figure 7.22. Inverse tangent operation
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| x| x|x|x|x| ;c | x j x j I x I x I x I x I x I x I X I xI I X IxIxI X Ix I x I X I x I | x|x|x|x|x|x|x|x|
Imaginary part of currentweight (32 bits)
-f-
fx|x|x|x|x|x|x|x|  I X I X I X I X I X I X | x |x| | x|x|x|x|x|xjx|x|  | x|x|x|x|x|x|x[x|
R_3
Real part of current weight (32 bits) 
R_2 R_1 R_0
U U U U U U U U I |x|x|xjx|x|x|xjx{ |x|x|xjx|x|x|x|x| jx|xjx|x|x|x|x|xj
Result (32 bits)
Re 3 Re 2 Re 1 Re 0
jx|x|x|x|x|x|x|x| | x| x|x|xjx|x|x|x|  | x| x|x| x| x| x| x| x| | x|x|xjx|x|x|x|x|
Remainder (32 bits)
Figure 7.23. 32-bit division routine
7.5 System Calibration
In this section, the calibration procedure for the downlink operation o f  the IQHA 
demonstrator are described.
7.5.1 Calibration Set Up And Measurements
The purpose o f the system calibration process is to calibrate out any non-linearity 
introduced by the hardware and any inaccuracies in the phase detection. The 
operational block diagram o f the IQHA demonstrator system is shown in Figiue 7.24. 
The IQHA reads the phase information passing through path ‘a’ and path ‘b ’. Upon 
acquiring the phase information, the micro-controller has to produce an output such 
that the signal will be co-phased at the end o f path ‘c \  Therefore, in the calibration 
process, the IQHA system needs to consider the existence o f path ‘c ’.
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Path ‘b ’
Am plifier
MPQHA
Staudun
ElX-,
H >  -
All branches 
in phase at 
this point
Figure 7.24. Operation block diagram representation o f IQHA demonstrator
The calibration set up is the same as the operation block diagram representation o f the 
IQHA demonstrator shown in Figure 7.24, but with the antenna replaced by a signal 
generator. This is shown in Figure 7.25. The phase o f the signal generator is varied 
from 0°to 360°. During the calibration, the micro-controller will read the phase o f the 
signal passing through path ‘a ’ and ‘b ’. By understanding this relationship, a look up 
table can be set up within the software to associate the digital input to the phase 
information at the connector o f the antenna. This information is documented and is 
presented in Figure 7.26. The measured output from each branches displays a 
different output relationship in terms o f magnitude. These differences and 
ambiguities can easily be calibrated out by implementing a lookup table routine in the 
micro-controller. Figure 7.27 and 7.28 describes the lookup table routine and the 
ambiguities respectively. The output o f the micro-controller will produce the digital 
phase output that takes into account the phase delay introduced by path ‘a ’ and ‘c’. 
The phase delay is measured with the network analyser and is shown in Figure 7.29 
for each individual branch. These information will enable accurate co-phasing at the 
end o f path ‘c \
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Path ‘b ’
Figure 7.25. Calibration set up
(a) <b)
Stw*t»
(c)
Shrft»
(d)
Figure 7.26. Calibration data for four individual branches o f IQHA demonstrator
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Figure 7.27. Lookup table routine
Ambiguity Regions
P hase Shifts (deg)
Figure 7.28. Illustration o f ambiguity regions
Phase Shifts (deg)
Element 1 57.9
Element 2 38.2
Element 3 20.9
Element 4 48.9
Figure 7.29. Phase shifts for path ‘a ’ and ‘c ’ for all elements
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7.6 Conclusions
In this chapter, three proposed system architectures for the IQHA demonstrator were 
presented and their operations were fully described. A detailed final design o f the 
chosen architecture was also presented. The hardware and software development 
were described in full detail such that the reader will be able to replicate the IQHA 
demonstrator design if  required. The hardware that was developed was also fully 
tested so that any inaccuracies and non-linearity were recorded and considered during 
the calibration process.
Upon completion o f the hardware and software development, the system calibration 
was carried out in order to eliminate any inaccuracies in phase detection and hardware 
non-linearity. This process was carried out to ensure accurate co-phasing during real­
time operation o f the IQHA demonstrator.
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Chapter 8 
The Performance Of The IQHA Demonstrator
8.1 Introduction
This chapter presents the performance o f the IQHA real-time demonstrator. The 
potential o f the uplink beam steering using the IQHA was presented in Chapter 6 . 
The optimum weights were obtained through simulations, and beam steering gain 
relative to a standard QHA configuration can be achieved at different elevation 
angles. In this chapter, the uplink performance is evaluated through measurements, 
using three optimum weights identified in Chapter 6 and their performance are 
compared relative to a standard QHA configuration. The measurements were carried 
out in an anechoic chamber both in free space and with the presence o f a phantom 
head model to demonstrate the effects o f near field coupling. Further understandings 
on the effects o f beam steering o f the IQHA in terms o f power efficiency, polarisation 
and SAR distribution were established through three dimensional (3D) radiation 
pattern measurements and SAR measurements.
The performance o f the IQHA demonstrator in the downlink operation is also 
evaluated through measurements in this chapter. The aim o f the measurement is to 
demonstrate the capability o f the IQHA to cancel deep fades o f the received signal
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using equal gain combining (EGC). The EGC is carried out in real-time using the 
adaptive combining algorithm that was proposed and studied in Chapter 5. The 
measurements were performed to evaluate the diversity performance o f the IQHA 
demonstrator relative to the performance of a standard QHA configuration. The 
measurements were earned out in an anechoic chamber in which different controlled 
multipath scenarios were created. The measurement set up in the anechoic chamber 
and the controlled multipath scenarios are presented in section 8.3. The measured 
data were analysed and the results will be presented in section 8.4. Finally, section 
8.5 concludes this chapter.
8.2 Uplink Beam Steering Measurements
The simulated uplink performance o f the IQHA was investigated and presented in 
Chapter 6. The simulation identifies the optimum weights for maximum gain in the 
direction o f interest and any possibilities o f reducing the gain in the unwanted 
direction (e.g. the human head). In this section, the measurements were carried out in 
the anechoic chamber by measuring the radiation pattern of the IQHA. Following the 
success o f the radiation pattern measurement in the anechoic chamber, 3D pattern 
measurements were carried out to further investigate the efficiency and polarisation 
effects caused by beam steering. All the Measurements were made both in free space 
and in the presence o f a phantom head so as to demonstrate the impact o f near-field 
coupling. SAR measurements were also carried out to understand the near field of the 
beam steered IQHA.
8.2.1 Beam Steering Measurements In The Anechoic Chamber
The measurements were carried out by using digitally controlled analog phase shifters 
to generate the weights that were identified in Chapter 6 for each individual element 
o f the QHA structure. This is illustrated in Figure 8.1. The micro-controller 
generates the require phase information for the digital phase shifters. The digital 
phase shifter can vary the phase o f an RF signal between the frequency range o f 1 
GHz to 2 GHz in response to a Transistor-Transistor Logic (TTL) compatible logic
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input signal. The digital phase shifters operate with 8-bits allowing 256 discrete 
values o f phase. Details o f the micro-controller were already provided in Chapter 7, 
where the development of the IQHA demonstrator was fully presented.
Digitally Controlled 
Analog Phase Shifter
Figure 8.1. IQHA with phase shifter and micro-controller set up
The measurement set up in the chamber is shown in Figure 8.2. The responses to 
vertical and horizontal polarisations were measured, and the total power from the sum 
of the two polarisations is presented. The transmit antenna is a horn antenna 
transmitting at 2 GHz. The receive antenna is essentially the IQHA set up as shown 
in Figure 8.1. A picture illustrating the set up in the chamber is also given in Figure 
8.3.
Anechoic Cham ber
t u. Receive
Antenna A n te n n a
t l IQHA with microcontroller
and digital phase shifters
(Figure 8.1)
Port 1 Port 2
Network
Analyser
Figure 8.2. Anechoic chamber measurement set up for beam steering
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Figure 8.3. Receive antenna set up for beam steering measurement
8.2.1.1 Free Space Measurements Results And Analysis
The measurements were first carried out in free space to compare the measurement 
results with that obtained from the simulations. Four sets o f optimum weights 
configurations namely, WT1, WT14, WT18 and WT20 were chosen from Chapter 6 
for the measurements. WT1 is the conventional QHA configuration, which produces 
a hemispherical radiation pattern, while WT14, WT18 and WT20 were chosen as 
potential weight configurations that produce radiation towards the useful direction, 
particularly for mobile communication applications. These sets o f weights were also 
used for subsequent measurements such as measurements with the Phantom head 
model, 3D measurements and the SAR measurements.
As shown in Figure 8.4, the measured radiation pattern is compared with the radiation 
pattern obtained from the simulations. The simulated radiation patterns displayed 
higher gain than in the measurement. This is expected as already mentioned in 
Chapter 6 , the NEC simulation assumes perfect wires with no resistive loss. The 
measured radiation pattern displayed a similar radiation pattern to that from 
simulation, in terms o f direction o f maximum gain. However, radiated power towards
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the unwanted direction is lower in the measurement. This is a significant advantage 
in terms o f reduced radiated power towards the user’s head.
The measurement results are summarised in Table 8.1. WT1 is the standard 
configuration to produce an endfire radiation pattern. The beam steering gains of 
each different configuration were determined by comparing against the conventional 
phase quadrature feed (WT1) configuration in the direction of 9max. These results 
demonstrate that the IQHA is able to change its radiation pattern accordingly if the 
appropriate phase relationships are fed at its individual elements.
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Figure 8.4. Comparison o f radiation pattern from simulation and measurement
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Weight Optimum Weights )i’m (°) Gmax (dBi) emax (°) Beam steering gain
Configuration W\ W2 w3 W4 (dB)
WT1 0 270 180 90 1.32 1 0
WT14 0 220 230 220 -1.91 76 1.2
WT18 0 170 220 230 -1.71 83 2.2
WT20 0 170 230 240 -2.37 83 1.6
Table 8.1. Summary o f Beam steering measurement for MPQHA
In the polar diagrams o f the radiation patterns, the angle 0° to 180° represents the 
direction towards the base station and 181° to 359° represents the direction towards 
the user’s head. It is assumed that the incident wave is uniformly distributed in the 
azimuth and the elevation angle distribution is assumed to be a Gaussian distribution 
[Tag90]. For the beam steering gain comparison in this thesis for mobile 
communication applications, the useful direction is defined between the elevation 
angles o f 60° to 90° on the radiation polar plots.
From Figure 8.5, comparing the performance in the useful direction with WT1, 2 dB, 
2.9 dB and 2.1 dB o f beam steering gain were achieved using WT14, WT18 and 
WT20 respectively. WT14, WT18 and WT20 also show significant reduction of 
power in the direction o f the user’s head when each configuration was compared with 
WT1. In Figure 8.5, the azimuth pattern also shows enhanced gain in the direction 
towards the base station and reduced power in the direction of the user’s head when 
using WT14, WT18 and WT20. Assuming that the user’s head is located on the left 
half of the polar plot (181° to 359°), this can demonstrate that the useful power 
directed to the base station is increased and the power absorbed by the user head may 
be reduced.
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0 0
(a) Elevation pattern at 0° cut (b) Azimuth pattern
Figure 8.5. Measured radiation pattern in free space
8.2.1.2 Measurements With Phantom Head Model Results And Analysis
The measurements were also carried out with a phantom head to account for the near 
field coupling. Figure 8.6 shows the phantom head set up. The shell of the phantom 
head used in the measurements is made of glass fibre. The liquid used to fill the 
phantom is a mixture of water, sugar and cellulose to achieve dielectric properties at 
DCS 1800 as similar as possible to that of the human head. The MPQHA is placed in 
a touch cheek position so that the results are consistent when compared with the SAR 
measurements. For the elevation pattern measurements, the phantom head is tilted so 
that the MPQHA is parallel to the ground.
% -
Figure 8 .6 . The Phantom Head set up in the anechoic chamber
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Figure 8.7 shows the radiation pattern comparison for the four different sets of 
weights with and without the presence of the phantom head. Such measurements are 
essential since the head is in the near field of the antenna, as the free space trends 
might not be replicated in the far field in the presence of the head. In the direction 
towards the head, the gain levels for all four configurations were reduced; this is 
caused by the shadowing of the antenna by the phantom head. The radiation pattern 
produced using WT1 did not change drastically compared to that observed for WT14, 
WT18 and WT20. However, the radiation pattern in the direction towards the base 
station remains unchanged with the presence of the user’s head for all four sets of 
weighting configurations. WT18 and WT20 produce almost identical radiation 
patterns in free space and with the phantom. This is because the feed arrangements 
for WT18 and WT20 were almost the identical.
(a) WT1 (b) WT6
a -25
!-» 
<3 25
Figure 8.7. Measured radiation pattern for elevation cut = 0° with and without
phantom head model
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8.2.2 3D Pattern Measurement For Efficiency
In this section, the results obtained from the 3D measurement for the beam steering 
IQHA is described. The measurement shows the efficiency of the IQHA when 
different phase configurations are used for steering the beam. The measurement was 
carried out using the Stargate-64 Satimo measurement system (Figure 8 .8) to obtain 
full 3D volumetric pattern and efficiency. The Satimo measurement system involves 
an array of measurement probes that are electronically scanned in elevation and a 
180° azimuth rotation gives a full sphere measurement. The setup for the IQHA in 
these measurements were identical to that described in Figure 8.1, which includes the 
main components, for example the micro-controller, DC power supply and the 
digitally controlled analog phase shifters. The measurements were carried out using 
the same MPQHA and the same sets of weights in section 8.2.1 for both free space 
and phantom head model measurements.
V
Figure 8 .8 . Stargate-64, Satimo System
P h a s e  Shift (deg)
Figure 8.9. Insertion loss of phase shifter at 2.0 GHz
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The calibration was carried out using a reference horn antenna and the calibration 
included the cables, phase shifter and 4-1 combiner, in order to account for the 
insertion loss that are introduced by these components during the 3D measurement. 
The phase shifter is set to passive mode during tire calibration. At 2 GHz, the 
insertion loss is -4.56 dB. The insertion loss of the phase shifter varies with its phase 
configuration; this is illustrated in Figure 8.9. In order to achieve consistent results in 
the measurement, the insertion loss of the phase shifter during the measurement has to 
be normalised with the insertion loss of the phase shifter during tire calibration. This 
is done by taking tire difference between the average insertion loss introduced by the 4 
phase shifters and the insertion loss of tire phase shifter in its passive mode. The 
difference is then added to the final efficiency result. This can be shown as follows:
77r= 77m + I.L.d (8.2-1)
Where r]{ = Final efficiency results
Vm = Measured efficiency results
I.L.d = Difference in insertion loss
Weights
Configuration
Optimum Weights wm 
(°)
Measured Insertion Loss 
(dB)
Average
Insertion
Loss
(dB)
Passive 
mode 
Insertion 
Loss (dB)
Difference
in
Insertion 
Loss (dB)
Wi W2 W3 w4 Wi W2 W3 V1'4
WT1 0 270 180 90 4.48 4.07 4.15 4.25 4.24 4.56 0.32
WT6 0 220 230 220 4.48 4.28 4.07 4.02 4.21 4.56 0.35
WT10 0 170 220 230 4.48 4.24 4.08 4.01 4.20 4.56 0.36
WT12 0 170 230 240 4.48 4.24 4.07 3.99 3.20 4.56 0.36
Table 8.2. Weight configurations and insertion loss for tire phase shifters
Table 8.2 shows tire weight configurations of tire phase shifter used for the 
measurement and the average insertion loss of the phase shifters. The average 
insertion loss of the phase shifters for different phase configurations varies between -  
4.20 dB to 4.24 dB at 2 GHz.
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8.2.2.1 Measurements Results And Analysis
+x
Figure 8.10. Cartesian coordinates representation on Stargate-64, +y axis pointing out
of the page
P
D irection  o f 
u s e r ’s head
Figure 8.11. Representation of weighting configurations in Cartesian coordinates
Figure 8.10 shows the Cartesian coordinates representation of the Stargate-64, the 
desired useful direction is defined towards -x. During the measurement, the phantom 
head model is placed facing out the page, with the IQHA located on the left ear. The 
representation of the weighting configurations is shown in Figure 8.11, and it is
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different from the configurations defined for the anechoic chamber measurement by 
180°.
(To ta l)
(LC )
(RC)
(Total) 
(LC) 
 W T6  (RC)
(a) (b)
 W T10 (Total)
— -— W T 10 (LC) 
— ■— W T10 (RC)
 W T12 (Total)
 W T12 (LC)
 W T 12 (RC)
(c) (d)
Figure 8.12. Measured radiation pattern using the Satimo-64 system
The measurements were carried out in both free space and with the presence of 
phantom head. The measured radiation patterns for elevation cut of 0° with the 
presence of the phantom head model are as shown in Figure 8.12. The radiation 
pattern in Figure 8.12 shows similar trend compared to the radiation pattern measured 
in the anechoic chamber as shown in Figure 8.7. The gain of the MPQHA measured 
in this set up is slightly higher than that measured in the anechoic chamber, this may 
be due to calibrations and human error when mounting the MPQHA for the 
measurements. In Figure 8.12, the results show the radiation pattern for the total gain, 
left hand circular polarisation (LC) component and right hand circular polarisation 
(RC) component. These three components were compared for each configuration and 
the measurement results evidently shows that the IQHA preserves its polarisation
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even when the radiation pattern is changed. This results matches that reported by 
Kilgus [Kil75], in which the QHA preserves its polarisation even when it was 
configured to operate with a backfire radiation pattern.
Figure 8.13 and Figure 8.14 shows the efficiency plot for the free space and phantom 
head measurements respectively. The results were normalised to the efficiency of 
WT1. The two graphs display a similar trend, WT1 gives the highest efficiency and 
WT14, WT18, and WT20 gives an average efficiency of 49% less than that of WT1, 
for measurements with phantom head. This efficiency measurement results also were 
essential in order to achieve the normalised SAR values from the SAR measurements 
in the next section.
Frequency (GHz)
Figure 8.13. Efficiency plot for MPQHA 2.0 GHz free space
Frequency (GHz)
Figure 8.14. Efficiency plot for MPQHA 2.0 GHz with phantom head
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8.2.3 Specific Absorption Rate Measurement
The Specific Absorption Rate (SAR) of the MPQHA for different weighting 
configurations was measured for an input power of 1 W. Maximum averaged SAR 
values over masses of lOg and lg  were observed. Figure 8.15 illustrates the SAR 
measurement set up. The SAR measurement is first carried out with a coarse 2D scan 
throughout the entire region of tissues next to the handset and its antenna to determine 
the peak SAR locations near the surface of the phantom. Following this, a fine 
resolution volume scan is carried out at the peak SAR locations to determine the lg 
and lOg average SAR. The results are averaged over a lcm 3 volume in the shape of 
the cube for lg  SAR. For lOg average SAR value, a cubic tissue volume of side 2.15 
cm was used. In this thesis, the SAR measurements are carried out in the touching 
cheek position.
Figure 8.15. SAR measurement set up
The measured SAR values for all the configurations are summarised in Table 8.3. As 
the input impedance changes with the weighting configurations, the power transmitted 
from the MPQHA with WT14, WT18 and WT20 configurations were found to be 
relatively lower than that transmitted by WT1. Therefore the measured SAR values 
were normalised to the power transmitted by the MPQHA in each configuration. The 
SAR value guideline from International Commission on Non Ionizing Radiation
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Protection (ICNIRP) [JamOl] is 2mW/g over lg  of tissue. The normalised SAR 
results from Table 8.3 show that for WT1 and WT14 configurations, the SAR values 
fall within this limit, despite the average power level being a factor of 8 higher than 
WCDMA voice mode. However, the SAR values for WT18 and WT20 exceeded the 
limit. The results also proved that SAR results were uncorrelated to the direction of 
the far field radiation pattern and that SAR is essentially a near field effect.
Weights
Configuration
Test Position Measured 
SAR lg  
(mW/g)
Normalised 
SAR lg  
(mW/g)
Measured 
SAR lOg 
(mW/g)
Normalised 
SAR lg  
(mW/g)
WT1 Touch Cheek 1.4 1.4 0.8 0.8
WT14 Touch Cheek 0.55 1.14 0.3 0.63
WT18 Touch Cheek 1.03 2.18 0.63 1.33
WT20 Touch Cheek 0.92 2.11 0.59 1.35
Table 8.3. SAR measured values and normalised SAR values at 2 GHz
8.3 Downlink Real-Time Diversity Combining Measurements
8.3.1 The Measurement Set Up
The measurement set up is shown in Figure 8.16. The transmit antenna is connected 
to a signal generator, and is set to transmit at 1.8056 GHz a frequency in the 
DCS 1800 downlink channel. The dual-band GSM receiver is connected to a personal 
computer installed with data collection software and is set to sample at 128 samples 
per second. Throughout all tire measurements, the transmit antenna and the MPQHA 
structure were positioned at 1.4 meters above the ground. The distance between the 
transmit antenna and the MPQHA structure is approximately 2.6 meters.
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Measurement Setup
IQHA
Demonstrator
Transmit
^Antenna
Signal 
Generator 
(1.8056 GHi)Dual-band 
GSM  receiver
H
Figure 8.16. Measurement set up
The measurements were carried out in a controlled environment where fading 
conditions were created. Three different scenarios were set up in the anechoic 
chamber in order to evaluate the performance of the IQHA demonstrator under 
different operating environments. The three scenarios were different from each other 
such that they vary between line of sight (LOS) and non line of sight (NLOS) 
scenarios. The three measurement scenarios are shown in Figure 8.17.
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T op V iew  O f  T h e  A n echo ic  C ham ber -  Scenario  1
C ham ber E n trances
(a)
(b)
T op V iew  O f  T h e  A n echo ic  C h am b er -  Scenario  3
C ham ber E n tran ces
(c)
Figure 8.17. Measurement scenarios in the anechoic chamber
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In order to create a multipath environment in the chamber, the floor absorbers in the 
anechoic chamber were removed. The transmit antenna was placed in the centre of 
the turntable with reflectors surrounding it. The reflectors were essentially copper 
sheets of different sizes. A picture illustrating this is shown in Figure 8.18. The 
IQHA demonstrator is placed at the other end of the anechoic chamber with the 
MPQHA mounted in talk position next to a phantom head model. The IQHA 
demonstrator is shown in Figure 8.19. The transmit antenna is rotated around the 
turntable from the ‘START’ position to the ‘END’ position (270°), and from the 
‘END’ position back to the ‘START’ position repeating for about ten times. This 
ensured consistencies in the measured results. In measurement setup 3, the path 
between the transmit antenna and the IQHA demonstrator is completely blocked. In 
measurement set up 2, reflector 6 , is rotated by 45° relative to its position in setup 3, 
such that the path between the transmit antenna and the IQHA demonstrator are not 
completely blocked. In measurement setup 1, reflector 6 is completely removed and 
this create strong direct LOS component between the transmit antenna and the IQHA 
demonstrator. The three different scenarios were created such that the diversity gain 
from the IQHA relative to the standard QHA configuration will be the highest in setup 
3, since more fading occurs in this scenario. In measurement setup 1, the lowest 
diversity gain was expected since there is strong direct LOS components between 
transmit antenna and the IQHA demonstrator and the QHA configuration will perform 
better than in setup 3.
Figure 8.18. Transmit antenna surrounded by reflectors
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Figure 8.19. IQHA real-time demonstrator
8.3.2 Measurement Results And Analysis
Two measurements were carried out in each scenario. In the first measurement, the 
IQHA demonstrator was configured to operate in a standard QHA configuration with 
the four helical elements combined in a phase quadrature fashion to produce the 
conventional hemispherical radiation pattern. In the second measurement, the 
intelligent circuit was switched ‘ON ’, and the IQHA demonstrator was functioning as 
a real-time diversity antenna system. With this measurement, the diversity 
performance of the IQHA demonstrator can be compared relative to a standard QHA. 
In both measurements, the received signals passes through the same RF branches and 
combine to produce the signal output. The overall system gain is the same in both 
cases.
All the measurement data were collected and stored on the PC. Figure 8.20 shows the 
snapshot in time of the received signal level for the standard QHA configuration in 
scenario 1. The plot of the received signal level shows that fading conditions were 
successfully created. As the transmit antenna is rotated on the turntable, there is a 
variation of signal level depending on the direction in which the transmit antenna is 
facing the IQHA demonstrator. This variation of the signal defines the slow fading 
effects. As the transmit antenna is rotating on the turntable, the multiple reflectors 
that were placed around it contributes to the fast fading effect which are also shown 
on the plot of the received signal level.
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Figure 8.20. Received signal level for QHA configuration in scenario 1
The cdf plots for the three different scenarios using the standard QHA configuration 
are shown in Figure 8.21. The cdf plot shows that the probability of encountering 
deep fades for scenario 1 is less than that in scenario 2 and 3. This correlates to the 
measurement setup, since in scenario 1 there is a strong LOS path that is much 
stronger than the other multipath.
Figure 8.21. Cdf plot for three scenarios using standard QHA configuration
The real-time snap shot of the received signal for QHA and IQHA configuration 
under scenario 1, scenario 2 and scenario 3 are shown in the comparison plot of 
Figure 8.22.
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Raoarvad Signal Plot tor Soanarto i
(a)
Raoarvad Signal Plot tor Soanarto 2
(b)
(c)
Figure 8.22. Comparison plot of QHA and IQHA for received signal level in (a) 
scenario 1 (b) scenario 2 (c) scenario 3
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The received signal level plot from all the scenarios shows that deep fades only occur 
in the standard QHA configuration. It is clearly demonstrated that all the deep fades 
were successfully cancelled when the IQHA demonstrator is functioning as a real­
time diversity antenna system. It can also be observed that the mean signal level for 
the IQHA is higher than the QHA configuration due to that fact that the incoming 
signals from the four branches of the IQHA were combined constructively.
The typical cdf plots for all the evaluated scenarios are shown in Figure 8.23. The cdf 
plots show the overall diversity performance of the IQHA relative to the performance 
of a standard QHA configuration. In this investigation, all the diversity performances 
are evaluated at 1 % probability level.
(a) (b)
(c)
Figure 8.23. Cdf plot for (a) scenario 1 (b) scenario 2 (c) scenario 3
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As shown in Figure 8.23, for scenario 1, the diversity gain of the IQHA relative to the 
standard QHA configuration is approximately 6.36 dB. In scenario 2, which includes 
more multipath environment compared to scenario 1, the diversity gain of the IQHA 
relative to the standard QHA configuration is approximately 13.37 dB. The result 
shows that under a more multipath scenario, die diversity gain for die IQHA is higher. 
This is expected since in a less multipadi environment, less fading occurs and hence 
increases the probability of better performance for die standard QHA configuration. 
Figure 8.23 (c) shows that even higher diversity gain is achieved under this scenario. 
The diversity gain for the IQHA relative to the standard QHA configuration is 
approximately 21.44 dB.
8.4 Conclusion
In this chapter, the idea of using intelligent beam steering to direct the power of a 
MPQHA towards a more useful direction is demonsdated tiirough measurements. 
The comparison of measured radiation patterns for different weighting configurations 
in free space and in die presence of the phantom head were presented. The SAR was 
also measured and the results show that the SAR values were uncorrelated to die 
direction of the far field radiation pattern. Using different weighting configurations 
has been shown to steer the beam towards the base station and to produce the 
anticipated associated reduction of power in the direction of the user’s head. Future 
work will focus on achieving this automatically in any configuration of the handset 
relative to the user.
In die downlink, the performance of a real-time IQHA diversity system is also 
demonsdated. The measurement set up was also described in which die anechoic 
chamber is successfully been modified to produce a multipadi environment. The 
performance of the IQHA system is evaluated in tiiree different scenarios. Each 
scenario has different fading conditions compared to die otiiers. The measurement 
results were analysed and discussed. The results indicate that the real time IQHA 
diversity system is able to effectively cancel any deep fades in the received signal. 
This results in significant diversity gain and an increase in the overall received signal 
level. In scenario 3, die IQHA system produces up to 21 dB of diversity gain.
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Whereas in tire less multi-path scenario, the diversity achieved is lower as less fading 
occurs and hence increasing the probability of improved performance for the QHA 
configuration.
The real-time IQHA system has proved to be a powerful system that can be 
implemented to improve the quality of a mobile communication system operating in a 
multipath environment. The diversity gain of the IQHA system was achieved at the 
expense of additional hardware, in terms of RF phase shifters and phase detectors. 
Nevertheless, this was balanced against the major benefits achieved.
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Chapter 9 
Conclusions And Future Work
9.1 Conclusions
In this thesis, the practical implementation issues of the Intelligent Quadrifilar Helix 
Antenna (IQHA) were examined. The thesis reported on results obtained from 
investigations carried out through measurements on the Quadrifilar- Helix Antenna 
(QHA) structure and its intelligent circuits.
From the practical implementation point of view for an antenna to be implemented on 
a mobile terminal, tire size of the conventional QHA structure has always been a 
problem. A literature survey was first carried out to investigate different techniques 
of reducing the size of antennas. The meander line technique was proposed to reduce 
the size of the QHA structure; and its performance and char acteristics were examined 
through measurements. More than 50% size reduction in the axial length was 
achieved using this technique. The reduced size QHA, called the Meander Line 
Printed QHA, displayed slight reduction in efficiency but a tremendous increased in 
the operating bandwidth.
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A novel technique for creating a dual band QHA structure was proposed. The 
proposed technique is to implement a spur-line band stop filter on the elements of the 
MPQHA structure. This is an appealing technique in terms of its simplicity and ease 
of fabrication compared to implementing PIN diode switches on the elements of the 
MPQHA structure.
The adaptive algorithm for the IQHA to perform real-time diversity combining was 
investigated. A suitable combining algorithm based on LMS algorithm was proposed. 
The performance of the combining algorithm was evaluated through simulations and 
the results show that its performance is independent of step size and weighting 
strategy. The performance of the combining algorithm was also evaluated with 
different sampling rates. The result has shown that the sampling rate can be reduced 
down to 8.5 ksamples/s without affecting its diversity performance. This shows that 
the combining algorithm can be implemented on a micro-controller instead of using a 
high-speed digital signal processor. This had tremendously simplified the 
implementation of the IQHA demonstrator.
A simulator was developed in order to obtain die optimum weights for the IQHA to 
achieve beam steering gain in the uplink. The simulation results has shown that it is 
possible to steer the main beam of the IQHA from the conventional hemispherical 
radiation pattern to a variable radiation pattern when an appropriate set of weights are 
applied to the four branches of the IQHA. A theoretical study was also established 
and shown that the weighting configuration has a direct impact on the input 
impedance of die IQHA.
In order to investigate the operating performance of the IQHA, a real time 
demonstrator was developed. The development for the IQHA system was fully 
documented in Chapter 7 such that the reader is able to replicate the design if 
required.
The uplink and downlink performance were evaluated dirough measurements and 
presented. In the uplink, it has been shown that by utilising die optimised weights, 
beam steering gain can be achieved relative to the standard QHA configuration 
together with reduced power towards die unwanted direction. These effects can be 
exploited to substantially improve communication quality witiiout increasing the 
transmit power. This has a significant advantage in terms of battery life of the mobile
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/terminal. The effect of weighting configurations on the input impedance of the IQHA 
ports was studied. It was shown theoretically and verified through measurements that 
the input impedance of the IQHA ports can be affected by the mutual coupling 
between the individual elements and the excitations on each port. It was further 
proven through measurements that the direction of the far field radiation pattern is 
uncorrelated to the SAR values. This is a significant result, as it proves that SAR is 
essentially a near field effect which does not depend on the direction of the radiation 
beam.
The real-time diversity combining using the IQHA demonstrator was demonstrated 
through the downlink measurements carried out in a controlled multipath 
environment. The measurements demonstrated that deep fades were successfully 
cancelled when the intelligent circuit of the IQHA demonstrator was turned ‘ON’. 
The diversity performance was compared relative to that of a standard QHA 
configuration. The measurement results show that significant diversity gain (up to 20 
dB) can be achieved in a high multipath scenario. The diversity gain will assist in 
maintaining a communications link the base station and the mobile terminals in areas 
where there is currently little or no coverage.
The real-time IQHA system has proved to be a powerful system that can be 
implemented to improve the quality of mobile communication systems. The gains of 
the IQHA system were achieved with the expense of additional hardware, in terms of 
RF phase shifters and phase detectors, which were balanced against the major benefits 
achieved.
9.2 Future Work
Although the results of this research have significantly contributed towards the 
practical implementation of the IQHA, there are still numerous opportunities of 
research and improvements.
In this thesis, the spur-line band stop filter was implemented on the MPQHA to 
achieve dual-band characteristics. This technique can be further investigated for
----------------------------------------------------------------------------------------------- Conclusions And Future Work
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multi-band characteristics by implementing multiple spur-line filters on the elements 
of the MPQHA.
hi the uplink beam steering, the optimised weights were obtained through an 
exhaustive search method. One possibility of obtaining the optimised weights for die 
uplink is to utilise the optimised weights obtained from the adaptive combining 
algorithm through the downlink. This will require an additional routine to be 
implemented and calibrations to offset the weights if the downlink and uplink are in 
different operating frequencies, as in die case of a FDD system. This also allows the 
beam steering to be performed without having a proximity sensor to detect the 
direction of the user’s head. The optimised weights can be assumed to maximise the 
communication link.
As examined in this diesis, the input impedance can be affected by the weighting 
configurations applied at the ports of die IQHA. Further development to solve this 
problem is to implement an adaptive matching circuit that constantly monitors the 
input impedance of the IQHA and performs matching to ensure maximum power 
transfer.
In the downlink, it has been shown that fading of die received signal was successfully 
cancelled. Further verifications and measurements can be carry out in a real mobile 
operating environment, in which the DCS 1800 receiver can be replaced by a 
DCS 1800 test phone. The measurements can be carried out in an open area and urban 
scenarios to compare the performance of the real-time IQHA in different operating 
conditions.
The benefit of using die bifilar configuration is clear for an IQHA application and was 
briefly investigated dirough simulations in Chapter 5. Further work includes carrying 
out the diversity combining measurement using the bifilar configuration.
Finally, the potential of using the IQHA for MIMO systems has a significant 
advantage in terms of its compact structure. Measurements carried out by Brown et 
al. [Bro03] have already shown that die MPQHA structure has sufficient decorrelation 
between its branches which is ideal for a MIMO system to improve its system’s 
capacity.
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APPENDIX A -  Tables, Data and Graphs
A.l Introduction
The information provided in this appendix is to assist the reader in the calculations for 
designing a microstrip spur-line band-stop filter. For more detail, the reader should 
refer to [Mat80].
A.2 Filter Attenuation Characteristics Curves
Figure A l and Figure A2 shows the attenuation characteristics for the Tchebyscheff 
filter. The Lar represents the maximum attenuation in the pass band in dB, while (Oj 
is the equal ripple band edge, 
mathematically as
LaCco') = 10  log 10 
L a ( co' )  =  1 0  logio
Where co'
c»; 
n
c
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The attenuation characteristics can be specified
l + £cos: ncos -i (A.2-1)
C0<(0,
{l + i^coslf ncosh 1 (A.2-2)
Co'>Q),
= the frequency at which the attenuation is 
desired
= the cutoff frequency (a>3dB) o f the filter 
= the number o f elements in the filter
anti log - 1
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FIG. 4.03-4 O.Ol-db-RIPPLE TCHEBYSCHEFF F IL T E R  CHARACTERISTICS
Figure A l. 0.01 dB ripple Tchebyscheff filter characteristics (Courtesy of Matthaei et 
al. ‘Microwave filters, impedance-matching networks, and coupling circuit’)
FIG. 4.03-5 0 . 10-db-RIPPLE TCH EBYSCH EFF F IL T E R  CHARACTERISTICS
Figure A2. 0.1 dB ripple Tchebyscheff filter characteristics (Courtesy of Matthaei et 
al. ‘Microwave filters, impedance-matching networks, and coupling circuit’)
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A.3 Filter Design Table
Table 4.05-2(a)
ELEMENT VALUES FOB TCHEBYSCHEFF FILTERS HAVING « 0 *  1 , *  I .  AND RESPONSES
OF THE FORM IN F IG . 4 . 0 3 - 3  WITH VARIOUS d b  RIPPLE 
C a s e s  o f  n *  1 t o  10
VALUE 
OF « *1 *2 «3 *4 *5 *6 *7 *8 *S *10 *11
0.01 db r ip p la
1 0 .0960 1.0000
2 0.4488 0.4077 1.1007
3 0.6291 0 .9702 0.6291 1 .0000
4 0.7128 1.2003 1.3212 0 .6476 1.1007
5 0.7563 1.3049 1.57 7 3 1.3049 0.7563 1.0000
6 0 7813 1.3600 1.6896 1 .5350 1.4970 0.7098 1.1007
7 0 .7969 1.3924 1.7481 1.6331 1.7481 1.3924 0.7969 1 .0000
8 0.8072 1.4130 1.7824 1 .6833 1 .8529 1.6193 1 .5554 0 .7333 1.1007
9 0.8144 1.4270 1.8043 1.7125 1.9057 1.7125 1.8043 1 .4270 0 .8144 1 .0000
10 0.8196 1.4369 1.8192 1.7311 1.9362 1 .7590 1 .9055 1.6527 1.5817 0.7446 1.1007
0.1  db r ip p le
1 0.3052 1.0000
2 0.8430 0.6220 1.3554
3 1.0315 1.1474 1.0315 1.0000
4 1.1088 1.3061 1.7703 0 .8180 1 .3554
S 1.1468 1.3712 1.9750 1.3712 1.1468 1.0000
6 1.1681 1.4039 2.0562 1 .5170 1.9029 0.8618 1.3554
7 1.1811 1.4228 2.0966 1.5733 2.0966 1.4228 1.1811 1.0000
8 1.1897 1.4346 2.1199 1.6010 2 .1699 1.5640 1.9444 0.8778 1.3554
9 1.1956 1.4425 2 .1345 1.6167 2.2053 1.6167 2.1345 1.4425 1.1956 1 .0000
10 1.1999 1.4481 2 .1444 1.6265 2.2253 1.6418 2.2046 1.S821 1.9628 0 .8853 1 .3554
0 .2  db r ip p le
1 0.4342 1.0000
2 1.0378 0.6745 1.5386
3 1.2275 1.1525 1.2275 1.0000
4 1.3028 1.2844 1.9761 0 .8468 1. 5386
5 1.3394 1.3370 2 .1660 1 .3370 1 .3394 1.0000
6 1.3598 1.3632 2 .2394 1 .4555 2 .0974 0.8838 1.5386
7 1.3722 1.3781 2.2756 1.5001 2 .2756 1.3781 1.3722 1.0000
8 1.3804 1.3875 2.2963 1.5217 2 .3413 1.4925 2.1349 0.8972 1.5386
9 1.386 0 1.3938 2.3093 1.5340 2 .3728 1.5340 2.3093 1.3938 1.3860 1.0000
10 1.3901 1.3983 2.3181 1.5417 2 .3904 1.5536 2 .3720 1.5066 2 .1514 0 .9034 1.5386
O.S db r ip p la
1 0.6986 1 .0000
2 1.4029 0.7071 1.9841
3 1.5963 1.0967 1.5963 1 .0000
4 1.6703 1.1926 2.3661 0 .8419 1.9841
5 1.7058 1.2296 2.5408 1.2296 1.7058 1.0000
6 1.7254 1.2479 2.6064 1.3137 2 .4758 0.8696 1.9841
7 1.7372 1.2583 2.6381 1 .3444 2 .6381 1.2583 1.7372 1.0000
8 1.7451 1.2647 2 .6564 1 .3590 2 .6964 1.3389 2.5093 0.8796 1.9841
9 1 .7504 1.2690 2.6678 1.3673 2 .7239 1.3673 2.6678 1.2690 1 .7504 1 .0000
10 1.7543 1.2721 2 .6754 1 .3725 2 .7392 1.3806 2.7231 1.3485 2 .5239 0 .8842 1.9841
Figure A3. Element values for Tchebyscheff filter (Courtesy of Matthaei et al. 
‘Microwave filters, impedance-matching networks, and coupling circuit’)
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Table 4.05-2(a) C o n c l u d e d
VALUE OF a *1 *2 *3 «« *5 *« *7 *8 *9 *10 *11
1.0 db ripple
1 1.0177 1.00002 1.8219 0.6850 2.65993 2.0236 0.9941 2.0236 1.00004 2.0991 1.0644 2.8311 0.7892 2.6599S 2.1349 1.0911 3.0009 1.0911 2.1349 1.00006 2.1546 1.1041 3.0634 1.1518 2.9367 0.8101 2.65997 2.1664 1.1116 3.0934 1.1736 3.0934 1.1116 2.1664 1.00008 2.1744 1.1161 3.1107 1.1839 3.1488 1.1696 2.9685 0.8175 2.65999 2.1797 1.1192 3.121S 1.1897 3.1747 1.1897 3.1215 1.1192 2.1797 1.000010 2.1836 1.1213 3.1286 1.1933 3.1890 1.1990 3.1738 1.1763 2.9824 0.8210 2.6599
2.0 db ripple
1 1.5296 1.00002 2.4881 0.6075 4.09573 2.7107 0.8327 2.7107 1.00004 2.7925 0.8806 3.6063 0.6819 4.09575 2.8310 0.8985 3.7827 0.8985 2.8310 1.00006 2.8521 0.9071 3.8467 0.9393 3.7151 0.6964 4.09577 2.8655 0.9119 3.8780 0.9535 3.8780 0.9119 2.8655 1.00008 2.8733 0.9151 3.8948 0.9605 3.9335 0.9510 3.7477 0.7016 4.09579 2.8790 0.9171 3.9056 0.9643 3.9598 0.9643 3.9056 0.9171 2.8790 1.000010 2.8831 0.9186 3.9128 0.9667 3.9743 0.9704 3.9589 0.9554 3.7619 0.7040 4.0957
3.0 db ripple
1 1.9953 1.00002 3.1013 0.5339 5.80953 3.3487 0.7117 3.3487 1.00004 3.4389 0.7483 4.3471 0.5920 5.8095S 3.4817 0.7618 4.5381 0.7618 3.4817 1.00006 3.5045 0.7685 4.6061 0.7929 4.4641 0.6033 5.80957 3.5182 0.7723 4.6386 0.8039 4.6386 0.7723 3.5182 1.00008 3.5277 0.7745 4.6575 0.8089 4.6990 0.8018 4.4990 0.6073 5.80959 3.5340 0.7760 4.6692 0.8118 4.7272 0.8118 4.6692 0.7760 3.5340 1.000010 3.5384 0.7771 4.6768 0.8136 4.7425 0.8164 4.7260 0.8051 4.5142 0.6091 5.8095
Figure A4. Element values for Tchebyscheff filter (Courtesy of Matthaei et al. 
‘Microwave filters, impedance-matching networks, and coupling circuit’)
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A.4 Equations For Band-Stop Filters
The equations provided in this section are taken directiy from Table 12.09-1 of 
[Mat80] for calculating of band-stop filters with Ao/4 spacing between stubs. The 
filter structure is shown in Figure A5. For dual case having short-circuited series 
stubs, replace all impedances in the equations below by corresponding admittances.
Figure A5. n-stub transmission-line filter derived from n-element low pass prototype
n = number of stubs
ZA and ZB = terminating impedance
Zj (j- 1 to n) = impedance of open-circuit shunt stubs
Zj-ij 0 = 2  to n) = connecting line impedance
gj = values of the elements of the low-pass prototype network
A  = C0j a
Where to', = low-pass prototype cutoff frequency
= cot
f  \7T <»!
v 2 ( O o y
= bandwidth parameter
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(In all cases the left terminating impedance Za is arbitrary). 
Case of n = 1:
Z i=  z "
A 8 0 8 1 80
Case of n = 2:
Z ,=  Z, 1 + *
A 8 081
Zl2 — Z A( 1+ A g g g j  )
z2_  Z Ag 0 ' 
A g 2 ’
Z b — Z Ag 0g 3
Case of n = 3:
Zj ,  Z12 and Z2 -  same formula as case n = 2
_  Z a8 o
84
1 +  -
1
A g 3g 4
Z 23= Z * i ° - ( l + A g l S t )
84
Case of n = 4:
84
Z i  — Z  / 2 +  -
AgoSi
Zj2 = Z A
+ 2 A g 0g j A 
1 + A g 0g j
Z2 = Z . 801 + A g 0g ] A g 2(l + A g 0g 1f z 23 = ^ -80 Ag 2 +
80
1 + A g 0g , '
Z 3 = - ? 4_  
A8 0 81
Z34 = — — (l + A g 4g 5 )
8o8s
7  _ ZA  ------ 1 +  -
4&5 J
zB= Za
8085
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Case of n = 5:
Z/, Z/2, Z2, Z23, Zj -  same formulas as case n = 4
\
1
Z * = ^
80
* + So 7  -  ^ 4 .  Z m  ----
80
A
Z5 = Z a86
80
2  +  -
d 8585 .
Z45 '■
Z a8 o
80
ZB =
go
g  + ----------^ ----------
'  1 + 2 A g 5g 6 N
v 1 + ^ 5 g 6 ,
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APPENDIX B -  Spur Line End Capacitance
B .l Introduction
The information provided in this appendix describes tire calculation for the end 
capacitance of the microstrip spur-line filter. All the equations presented in this 
appendix were taken directly from [Bat77] and [Gar78]. Reader can refer to these 
references for more details.
B.2 Spur-Line End Capacitance
The equivalent circuit in Figure B1 represents the spur-line gap capacitance. At 
resonance, no current flows across the gap. Figure B2 shows the equivalent circuit 
that represents the microstrip gap capacitance.
c3 c3
ClTo—♦-
-Lp
I—4—O
Figure B l. Equivalent circuit for spur-line gap capacitance
C 12
o—•—1|—#—o
' r\ J -  JL  (-1
  ' -  I T  T  '  l
O •--------1--O
Figure B2. Equivalent circuit for microstrip gap capacitance
The capacitance C3 can be represented by C 12 as shown in equation B.2-2.
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— + —  = —  (B.2-1)
C 3 C 3 C 12 v
Therefore,
C3 = 2C n (B.2-2)
The total end capacitance of the spur is Ci in parallel with C3,
Ceild = C 1 + 2Ci2 (B.2-3)
From [Gai‘78],
q  = £sss . (B.2-4)
C 12 = C i) (B.2-5)
Where Ceven and C0dd are the equivalent circuit parameters for the gap when it is 
excited symmetrically and anti-symmetrically respectively.
Therefore,
Codd = Cl + 2Ci2 = Cend (B.2-6)
B.3 Gap Capacitance
The equivalent circuit of the gap capacitance is already been shown in Figure B2. 
The shunt capacitance Ci is the result of the disorder in electric-field distribution at 
the edge of the strip. The series capacitance C 12 arises from the coupling between the 
ship conduction constituting the gap. Q  and C 12 were represented by equation (B.2-
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4) and (B.2-5) respectively. In [Gar78], the closed form expressions for Ceven (Ce) and 
C0dd (C0) for er = 9.6 and 0.5 < W/h < 2 are given as
—  (pF /m ) = 
W
- E-(pF /m ) = 
W F
V W y  
f  c
vW y
exp(K0)
exp(Kc)
(B.2-7)
(B.2-8)
Where
w / r w ^ \
m ° = T r 0.619 log -0 .3853h I I h ; 7 (for 0.1 < S/W < 1.0)
K 0 = 4 .2 6 -1 .4 5 3  log
W
h
m e =0.8675, K e = 2.043
(for 0.1 < SAV < 1.0)
—  | (for 0.1 < SAV <0.3)
1.565 t
m » “  ' \0.16 ’(W /h)°
K = 1 .9 7 -
0.03
W /h
(for 0.3 < S/W < 1.0)
The value of Ce and C0 for other values of er can be calculated by using the following 
scaling factors:
Ce (er) = Ce (9.6)(er/9.6) 09 
Co (er) = C0 (9.6)(er/9.6) 0 8
(B.2-9)
(B.2-10)
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APPENDIX C -  Component Listing
C.l Introduction
The information provided in this appendix describes the components that are required 
to develop the IQHA demonstrator. The prices listed in the Table are in GB Pounds 
unless otherwise stated.
Components Model
Number
Manufacturer Quantity Cost/
unit
(GBP)
Total
(GBP)
Remarks
Duplexer W D-00005 
PC N  Full 
Duplexer
Passbands:
Receive: 1710 to 1785 
MHz
Transmit: 1805 to 1880 
MHz
Passband Insertion Loss:
-1 dB maxim um  
Connectors:
Antenna Port: DIN 7/16-F 
RX/TX Ports: N/F
Aspen
Electronics
Limited
4 525 2 1 0 0 M ade for 
basestation 
application 
s. Can be 
use for 
demonstrat 
or by 
reversing 
the Tx and 
Rx ports.
Low Noise 
Amplifier
ZEL-
1724HLN
Frequency:
1700 to 2400 MHz 
NF: 1.5 dB 
Gain: 20 dB 
Connectors:
SMA
M ini-circuits 4 249.05 996.20
2  way 0 ° 
splitter
ZN2PD2-50 Frequency:
1600 to 2700 M Hz 
Insertion loss (typ.): 
0.8 dB 
Connectors:
SM A
M ini-circuits 5 67.89 339.45
Mixer Z FY -11 Frequency (LO/RF): 
10 to 2400 M Hz 
IF: 5 to 1000 MHz 
Connectors:
SM A
M ini-circuits 5 81.47 407.35
IF Amplifier ZFL-500LN Frequency: 0.1 to 500 M Hz 
NF: 2.9dB 
Gain: 24 dB 
Connectors:
SM A
M ini-circuits 5 76.94 384.70
Phase
Detector
MPD-21 Frequency (RF1 & RF2): 
50 -  400 MHz 
Power IN: 7 dBm 
Scale factor: 7mV/deg.
M ini-circuits 4 26.95 107.80
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Max. DC output: 800mV
Level
Detector
DZR265AA Frequency Range:
10 M Hz to 26.5 GHz 
Sensitivity (m V/pW ): 
0.5
Input: 20 dBm
Herotek 1 US$
250
USS 
250 = 
GBP 
160.50
Micro 
controller 
demonstrati 
on board
DM 163006 2 MB external FI .ASH 
m em ory and 128 kB SRAM 
memory
General purpose prtotype 
area
9  I/O ports
Advanced analog features 
includes 10 bit A/D
M icrochip 1 280 280 More
information
on
httD://www 
.microchiD. 
com/1010/p 
iine/tools/Di 
cmicro/dem  
o/ndem 18r/ 
index.htm
Digitally
controlled
analog
Phase
shifter
QQ-34 Frequency:
1000 to 2000 M Hz 
Insertion Loss: 4  dB 
No. o f Bits: 8 
Switching speed:
200 nSec 
Connectors:
RF: SM A
Data: ITT Cannon DA-15S 
or equiv.
KDI triangle 
corporation
4 US$
3500
USS 
14000 = 
GBP 
8989.12
4 way 0°
splitters/co
mbiner
ZB4PD1-
2000
Frequency:
800 to 2000 M Hz 
Insertion loss (typ.): 
0.6 dB 
Connectors:
SM A
M ini-circuits 2 94.95 189.90
GSM CW 
receiver
DTI - GSM Frequencies:
Dual GSM  900/1800 M Hz 
Scanning speed (typ.):
300 channels per second 
M easurem ent range:
-20 t o -1 1 5  dBm
Dynamic 
Telecom munic 
ations, Inc.
1 USDS
7913
USS 
7913 = 
GBP 
5353.19
Total Cost (GBP)
19308.21
Table C l. Component list
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APPENDIX D -  The Sine Function Look Up Table
The information provided in this appendix describes sine function for the software 
development of the IQHA demonstrator.
binary slnH slnL binary slnH slnL binary slnH slnL binary SlnH slnL
00000000 00000000 00000000 01000000 10000000 00000000 10000000 00000000 00000000 11000000 10000000 00000000
00000001 00000011 00100100 01000001 01111111 11110110 10000001 11111100 11011100 11000001 10000000 00001010
00000010 00000110 01001000 01000010 01111111 11011001 10000010 11111001 10111000 11000010 10000000 00100111
00000011 00001001 01101011 01000011 01111111 10100111 10000011 11110110 10010101 11000011 10000000 01011001
00000100 00001100 10001100 01000100 01111111 01100010 10000100 11110011 01110100 11000100 10000000 10011110
00000101 00001111 10101011 01000101 01111111 00001010 10000101 11110000 01010101 11000101 10000000 11110110
00000110 00010010 11001000 01000110 01111110 10011101 10000110 11101101 00111000 11000110 10000001 01100011
00000111 00010101 11100010 01000111 01111110 00011110 10000111 11101010 00011110 11000111 10000001 11100010
00001000 00011000 11111001 01001000 01111101 10001010 10001000 11100111 00000111 11001000 10000010 01110110
00001001 00011100 00001100 01001001 01111100 11100100 10001001 11100011 11110100 11001001 10000011 00011100
00001010 00001111 00011010 01001010 01111100 00101010 10001010 11100000 11100110 11001010 10000011 11010110
00001011 00100010 00100100 01001011 01111011 01011101 10001011 11011101 11011100 11001011 10000100 10100011
00001100 00100101 00101000 01001100 01111010 01111101 10001100 11011010 11011000 11001100 10000101 10000011
00001101 00101000 00100111 01001101 01111001 10001010 10001101 11010111 11011001 11001101 10000110 01110110
00001110 00101011 00011111 01001110 01111000 10000101 10001110 11010100 11100001 11001110 10000111 01111011
00001111 00101101 11011011 01001111 01110111 01101100 10001111 11010001 11101111 11001111 10001000 10010100
00010000 00110000 11111100 01010000 01110110 01000010 10010000 11001111 00000100 11010000 10001001 10111110
00010001 00110011 11011111 01010001 01110101 00000101 10010001 11001101 10000111 11010001 10001010 11111011
00010010 00110110 10111010 01010010 01110011 10110110 10010010 11001001 01000110 11010010 10001100 01001010
00010011 00111001 10001101 01010011 01110010 01010101 10010011 11000110 01110011 11010011 10001101 10101011
00010100 00111100 01010111 01010100 01110000 11100011 10010100 11000011 10101001 11010100 10001111 00011101
00010101 00111111 00010111 01010101 01101111 01011111 10010101 11000000 11101001 11010101 10010000 10100001
00010110 01000001 11001110 01010110 01101101 11001010 10010110 10111110 00110010 11010110 10010010 00110110
00010111 01000100 01111011 01010111 01101100 00100100 10010111 10111011 10000101 11010111 10010011 11011100
00011000 01000111 00011101 01011000 01101010 01101110 10011000 10111000 11100011 11011000 10010101 10010010
00011001 01001001 10110100 01011001 01101000 10100111 10011001 10110110 01001100 11011001 10010111 01011001
00011010 01001100 01000000 01011010 01100110 11010000 10011010 10110011 11000000 11011010 10011001 00110000
00011011 01001110 11000000 01011011 01100100 11101001 10011011 10110001 01000000 11011011 10011011 00010111
00011100 01010001 00110100 01011100 01100010 11110010 10011100 10101110 11001100 11011100 10011101 00001110
00011101 01010011 10011011 01011101 01100000 11101100 10011101 10101100 01100101 11011101 10011111 00010100
00011110 01010101 11110110 01011110 01011110 11010111 10011110 10101010 00001010 11011110 10100001 00101001
00011111 01011000 01000011 01011111 01011100 10110100 10011111 10100111 10111101 11011111 10100011 01001100
00100000 01011010 10000010 01100000 01011010 10000010 10100000 10100101 01111110 11100000 10100101 01111110
00100001 01011100 10110100 01100001 01011000 01000011 10100001 10100011 01001100 11100001 10100111 10111101
00100010 01011110 11010111 01100010 01010101 11110110 10100010 10100001 00101001 11100010 10101010 00001010
00100011 01100000 11101100 01100011 01010011 10011011 10100011 10011111 00010100 11100011 10101100 01100101
00100100 01100010 11110010 01100100 01010001 00110100 10100100 10011101 00001110 11100100 10101110 11001100
00100101 01100100 11101001 01100101 01001110 11000000 10100101 10011011 00010111 11100101 10110001 01000000
00100110 01100110 11010000 01100110 01001100 01000000 10100110 10011001 00110000 11100110 10110011 11000000
00100111 01101000 10100111 01100111 01001001 10110100 10100111 10010111 01011001 11100111 10110110 01001100
00101000 01101010 01101110 01101000 01000111 00011101
Ioo
10010101 10010010 11101000 10111000 11100011
00101001 01101100 00100100 01101001 01000100 01111011 10101001 10010011 11011100 11101001 1 ■ . • 1 10000101
00101010 01101101 11001010 01101010 01000001 11001110 10101010 10010010 00110110 11101010 10111110 00110010
00101011 01101111 01011111 01101011 00111111 00010111 10101011 10010000 10100001 11101011 11000000 11101001
00101100 01110000 11100011 01101100 00111100 01010111 10101100 10001111 00011101 11101100 11000011 10101001
00101101 01110010 01010101 01101101 00111001 10001101 10101101 10001101 10101011 11101101 11000110 01110011
00101110 01110011 10110110 01101110 00110110 10111010 10101110 10001100 01001010 11101110 11001001 01000110
00101111 01110101 00000101 01101111 00110011 11011111 10101111 1...- .1 .1- 11111011 11101111 11001101 10000111
00110000 01110110 01000010 01110000 00110000 11111100 10110000 10001001 10111110 11110000 11001111 00000100
00110001 01110111 01101100 01110001 00101101 11011011 10110001 10001000 10010100 11110001 11010001 11101111
00110010 01111000 10000101 01110010 00101011 00011111 10110010 10000111 01111011 11110010 11010100 11100001
00110011 01111001 10001010 01110011 00101000 00100111 10110011 10000110 01110110 11110011 11010111 11011001
00110100 01111010 01111101 01110100 00100101 00101000 10110100 10000101 10000011 11110100 11011010 11 . 1 1 . . , -
00110101 01111011 01011101 01110101 001 X 1< 00100100 10110101 10000100 10100011 11110101 11011101 11011100
00110110 01111100 00101010 01110110 00001111 00011010 10110110 10000011 11010110 11110110 11100000 11100110
00110111 01111100 11100100 01110111 00011100 00001100 10110111 10000011 00011100 11110111 11100011 11110100
00111000 01111101 10001010 01111000 00011000 11111001 10111000 I .....  ■' 01110110 11111000 11100111 00000111
00111001 01111110 00011110 01111001 00010101 11100010 10111001 10000001 11100010 11111001 11101010 00011110
00111010 01111110 10011101 01111010 00010010 11001000 10111010 10000001 )11( )011 11111010 11101101 00111000
00111011 01111111 00001010 01111011 00001111 10101011 10111011 10000000 11110110 11111011 11110000 01010101
00111100 01111111 01100010 01111100 00001100 10001100 10111100 10000000 10011110 11111100 11110011 01110100
00111101 01111111 10100111 01111101 00001001 01101011 10111101 10000000 01011001 11111101 11110110 10010101
00111110 01111111 11011001 01111110 . . . .  )11( 01001000 10111110 10000000 00100111 11111110 11111001 10111000
00111111 01111111 11110110 01111111 00000011 00100100 10111111 10000000 00001010 11111111 11111100 11011100
Figure D l. Look up table
193
"References
References
[3gp99] 3GPP Technical Specification TS 05.05 GSM/EDGE Radio Access
Network; Radio transmission and reception (Release 1999)
[Agi97] AGIUS, A.A., SAUNDERS, S.R., and EVANS, B.G.: ‘Antenna design
for the ICO handheld terminal’. 10th International Conference on 
Antennas and Propagation, 14-17 Apr 1997, Conference Publication 
k No. 436 IEE 1997
[Agi98] AGIUS, A.A., LEACH, S.M., SUVANNAPATTANA, P., and
SAUNDERS, S.R.: ‘Intelligent handset antenna research within 
Mobile VCE’. Surrey symposium on intelligent antennas fo r  mobile 
communications, Guildford, UK, Jul. 1998
[Agi99a] AGIUS, A.A., and SAUNDERS, S.R.: ‘Adaptive multifilar antenna’.
International Patent Application No. WO9941803, Aug. 1999
[Agi99b] AGIUS, A. A.,: ‘Antennas for handheld satellite personal
communications’. PhD Thesis, University of Surrey, UK, 1999
[AgiOO] Agius A.A., Leach, S. M., Ma L., Hilton G and Saunders S.R., 2000,
“Mobile VCE research in the area of antennas for 3rd generation 
mobile terminals” , invited paper in tire International Conference on 
Antennas and Propagation (AP2000), Davos, Switzerland.
[Bac97] BACHMAN, H.L.,: ‘Smart antennas -  The practical realities’. IEEE
Aerospace Conference Proceedings, 1997
[Bat77] BATES, R.N.: ‘Design of microstrip spur-line band-stop filters’. IEEE
Microwaves, Optics and Acoustics, vol.l, No. 6 , pp. 209-214,1977
[Bra99] BRAUN, C„ ENGBLOM, G. and BECKMAN, C.: ‘Evaluation of
antenna diversity performance for mobile handsets using 3-D 
measurement data’. IEEE Trans. Antennas and Propagation, vol. 47, 
No. 11, pp. 1736-1738, June 1999
194
■References
[Bro03]
[Che02]
[Che03]
[ChoOO]
[ChrOl]
[Chu48]
[DieOO]
[DieOl]
[Dou98]
BROWN, T.W.C., CHEW, K.C.D, and SAUNDERS, S.R.: ‘Analysis 
of the diversity potential of an Intelligent Quadrifilar Helix Antenna’. 
12til International Conference on Antennas and Propagation, 31st Mai'. - 
3rd Apr. 2003, Conference Publication No. 4 9 1 IEE 2003
CHEW, K.C.D., and SAUNDERS, S.R.: “Improvements relating to 
multifilar helix antenna,” UK Patent Filing, Application No. 
0204014.5, Feb 2002.
CHEW, K.C.D., and SAUNDERS, S.R.: “Uplink beam steering using 
the intelligent quadrifilar helix antenna,” 12th International Conference 
on Antennas and Propagation, 31st Mai'. - 3rd Apr. 2003, Conference 
Publication No. 491 IEE 2003
CHO, K., and HORI, T.: “Smart antenna for SDMA for future wireless 
communications,” Proceeding International Symposium on Antenna 
and Propagation, 2000, vol. 4, pp 1481-1484, August 2000.
CHR, C.G., and GEORGIOPOULOS, M.: ‘Smart adaptive array 
antennas for wireless communications,” Proceedings SPIE The 
International Society for Optical Engineering, pp. 75-83, 2001
CHU, L.J.: ‘Physical limitations on omni-directional antennas’. Journal 
of Applied Physics, vol. 19, pp. 1163-1175, Dec. 1948
DIETRICH, C.B., STUTZMAN, W.L., KIM, B.K., and DIETZE. K.: 
‘Smart antennas in wireless communications: base-station diversity 
and handset beamforming’. IEEE Antennas and Propagation 
Magazine, vol. 42, No. 5, Oct. 2000
DIETRICH, C.B., DIETZE, K„ NEALY, J.R. and STUTZMAN, 
W.L.: ‘Spatial, polarization, and pattern diversity for wireless handheld 
terminals’. IEEE Trans. Antennas and Propagation, vol. 49, No. 9, pp. 
1271-1281, Sept. 2001
DOUGLAS, M.G., OKONIEWSKI, M„ and STUCHLY, M.A.: ‘A 
planar diversity antenna for handheld PCS devices’. IEEE Trans. 
Vehicular Technology, vol. 47, No. 3, pp. 747-754, August 1998
195
■References
[EgoOO]
[Era96]
[Fil97]
[Gai-78]
[GreOO]
[Haa03]
[Hai-60]
[Hay96]
[Hay99]
[HorOO]
[JamOl]
EGOROV, I., and YING, Z.: ‘A non-uniform helical antenna for dual­
band cellular- phones’. IEEE AP-S International Symposium, vol. 1, 
pp. 652-655, 2000
ERATUULI, P., HAAPALA, P., and VAINIKAINEN, P.: ‘Dual 
frequency wire antennas’. Electronics Letters, vol. 32, No. 12, pp. 
1051-1052, June 1996
FILIPOVIC, D.F., TASSOUDJI, M.A., and OZAKI, E.: ‘A coupled- 
segment quadrifilar helical antenna’. IEEE MTT-S, Symposium on 
Technology for Microwave Theory, pp. 43-46,1997
GARG, R., and BAHL, I.J.: ‘Microstrip discontinuities’. International 
Journal Electronics, vol.45, pp. 81-87,1978
GREEN, B.M. and JENSEN M.A.: ‘Diversity performance of dual­
antenna handsets near operator tissue’. IEEE Trans. Antennas and 
Propagation, vol. 48, No. 7, pp. 1017-1024, July 2000
HAARDT, M. and QUENTIN S.: ‘Smart antennas for wireless 
communications beyond the third generation’. Journal Computer 
Communications, vol. 26, issue 1, pp. 41-45, 2003
Harrington, R.F.: ‘Effect of Antenna Size on Gain, Bandwidth and 
Efficiency’. Journal of Research of the National Bureau of Standards -
D. Radio Propagation, vol. 64, pp. 1-12, Jan. 1960
HAYKIN, S.: ‘Adaptive filter theory’. Prentice Hall Information and 
System Sciences Series, Prentice Hall Inc., 3rd edition, 1996
HAYES, G., and SADLER, R.A.: ‘Dual-band helix antenna with 
parasitic element and associated methods of operation’. U.S. Patent, 
US005923305, July 1999
HORI, T„ CHO, K., TAKATORI, Y., and NISHIMORI, K.: ‘Key 
techniques for actualizing smart antenna hardware’. IEEE Antennas 
and Propagation Society International Symposium, vol. 2, pp 948-951, 
2000
JAMES, J.R. and FUJIMOTO K., “Mobile Antenna Systems 
Handbook”, Artech House, London, U.K., 344-345, 2001
196
■References
[Jen98]
[Kai-97]
[Kil75]
[KimOl]
[Kim03]
[KitOl]
[KoOl]
[Kra88]
[Kwa02]
JENG, S.S., OKAMOTO, G.T., XU, G., LIN, H.P. and VOGEL, W.J.: 
‘Experimental evaluation of smart antenna system performance for 
wireless communications’. IEEE Trans. Antennas and Propagation, 
vol. 46, No. 6 , pp. 749-757, June 1998
KARASAWA, Y„ SEKIGUCHI, T., and INOUE, T.: T h e  software 
antenna: A new concept of kaleidoscopic antenna in multimedia radio 
and mobile computing era’. IEICE Trans Communications, vol. E- 
80B, No. 8, pp. 1214-1217, August 1997
KILGUS, C.C.: ‘Shaped-conical radiation pattern performance of the 
backfire quadrifilar- helix’. IEEE Transaction on Antennas and 
Propagation, vol. 23, pp. 392-397, May 1975
KIM, S.W., HA, D.S., KIM, J.H., and KIM, J.H.: ‘Performance of 
smart antennas with adaptive combining at handsets for the 3GPP 
WCDMA system’. IEEE Vehicular Technology Conference, pp. 
2048-2052, October 2001, Atlantic City, New Jersey
KIM, J.I., CHONG, Y.J., and CHOI, J.I.: ‘Printed multiband terminal 
antenna for multiple wireless services’. 12th International Conference 
on Antennas and Propagation, 31st Mar-. - 3rd Apr. 2003, Conference 
Publication No. 491 IEE 2003
KITCHENER, D„ SMITH, M.S., POWER, J.G., ROBSON, J.G., 
LLEWELLYN, I.P., and JOHNSON, R.H.: ‘Multiband terminal and 
basestation antennas for mobile communications’. 11th International 
Conference on Antennas and Propagation, 17th -  20th Apr. 2001, 
Conference Publication No. 480 IEE 2001
KO, S.C.K., and MURCH, R.D.: ‘A diversity antenna for external 
mounting on wireless handsets’. IEEE Trans, on Antenna and 
Propagation, vol.49, No. 5, pp. 840-842, May 2001
KRAUS, J.D.: ‘Antennas 2nd Edition’. New York: McGraw-Hill, p 
711,1988
KWAN, K.K.A.: ‘Size reduction o f printed quadrifilar helix antenna’. 
Final Year- Project Report, University of Surrey, UK, 2002
197
■References
[Lam02]
[Lea99]
[Lea99a]
[LeaOO]
[LeaOOa]
[LeaOOb]
[LeaOOc]
[Leh99]
[Lei95]
LAMENSDORF, D„ and SMOLINSKI, M.A.: ‘Dual-band quadrifilar 
helix antenna’. IEEE Antennas and Propagation Society International 
Symposium, vol. 4, pp 488-491, 2002
LEACH, S.M., AGIUS, A.A., and SAUNDERS, S.R.: ‘Adaptive 
multifilar antenna II’. UK Patent Application No. 9921363.9, 
September 1999
LEACH, S.M., AGIUS, A.A., and SAUNDERS, S.R.: ‘Measurement 
of the polarisation state of satellite to mobile signals in scattering 
environments’. Proceedings of the international mobile satellite 
conference, vol. 6 , pp. 134-138, June 1999
LEACH, S.M., AGIUS, A.A., STAVROU, S., and SAUNDERS, S.R.,: 
‘Diversity performance of the intelligent quadrifilar helix antenna in 
mobile satellite systems’. IEE Proceedings on Microwave, Antennas 
and Propagation, vol. 147, No. 4, pp. 305-310, August 2000
LEACH S.M., AGIUS A.A. and SAUNDERS S.R.,: ‘Intelligent 
Quadrifilar Helix Antenna’, IEE Proceedings in Microwave, Antenna 
and Propagation, vol. 147, No. 3, 219-223, 2000
LEACH, S.M., AGIUS A.A. and SAUNDERS, S.R.: ‘The intelligent 
quadrifilar helix antenna for mobile satellite communications’, IEEE 
Aerospace conference proceedings, vol. 5, pp. 171-178, March 2000
LEACH, S.M.,: ‘Optimum control of hand-portable antennas for 
satellite and terrestrial mobile communications’. PhD Thesis, 
University of Surrey, UK, 2000
LEHNE, P.H. and PETTERSEN, M.,: ‘An overview of smart antenna 
technology for mobile communications systems’. IEEE 
Communications Survey, http://www.comsoc.org/pubs/survevs. vol. 2, 
No. 4, fourth quarter 1999
LEISTEN, O.P. and FFOULKES-JONES, G.: ‘Performance of a 
miniature dielectrically loaded volute antenna’. Institute of Navigation 
Conference, Palm Springs, 12-15 Sept. 1995
198
•References
[LeiOl]
[Lib99]
[Lim02]
[LouOl]
[Mat80]
[MicOl]
[Mik99]
[Mur81]
[Nak84]
[Nog96]
LEISTEN, O., VARDAXOGLOU, J.C., MCEVOY, P., SEAGER, R., 
and WINGFIELD, A.: ‘Miniaturised dielectrically-loaded quadrifilar 
antenna for Global Positioning System (GPS)’. Electronic Letters, vol. 
37, No. 22, October 2001
LIBERTI, J.C. and RAPPAPORT, T.S.: ‘Smart antennas for wireless 
communications: IS-95 and third generation CDMA applications’. 
Prentice Hall, 1999
LIM, S.H., and LEE J.: ‘A new adaptive beamforming using pilot and 
traffic channel. IEEE 13th International Symposium on Personal 
Indoor and Mobile Radio Communications, vol. 4, pp. 1507-1511, 
September 2002
LOUYIGUE, J.C., SHARAIHA, A., and BLOT, J.P.: ‘Size reduction 
of printed quadrifilar helical antenna using simulated annealing’. 1 1 th 
International Conference on Antennas and Propagation, 17-20 April 
2001, Conference Publication No. 480 IEE 2001
MATTHAEI, G„ YOUNG, L„ and JONES, E.M.T.: ‘Microwave 
filters, impedance-matching networks, and coupling structures’. 
Artech House 1980
MICROCHIP TECHNOLOGY Inc.: ‘PIC 18C601/801 High-
Performance ROM-less Microcontrollers with External Memory Bus’. 
2001
MIKAEL, O., and STEFAN, J.: ‘Dual frequency quadrifilar helix 
antenna’. International Patent No. W 09933146 ,1999
MUROTA, K., and HIRADE, K.: ‘GMSK modulation for digital 
mobile radio telephony’. IEEE Trans. Communications, vol. 29, No. 
7, July 1981
NAKANO, H„ TAGAMI, H., YOSHIZAWA, A., and YANAUCHI, 
J.: ‘Shortening ratios of modified dipoles’. IEEE Trans. Antennas and 
Propagation, vol. 32, pp. 385-387, Apr. 1984
NOGUCHI K„ ANDO M., GOTO N., HIROSE M., UNO T. and 
KAMIMURA Y., 1996, “Directional Antenna for Portable
199
•References
[Pal95]
[ParOO]
[Pek98]
[Per98]
[PetOl]
[Poz98]
[Ras91]
[Rob82]
[Sau99]
[Sau99a]
Telephones”, IEICE Transaction on Communications, vol. 79, 1234­
1241.
PAL, S. et al.: ‘Multiband antenna system for operating at L-band, S- 
band and UHF-band’. United States Patent No. U S5572227,1995
PARSONS, J.D.: ‘The mobile radio propagation channel 2nd Edition’. 
Chapter 3, pp. 56, John Wiley & Sons, 2000
PEKONEN, O.P.M., SANTOMAA, V., KIESI, K., ERMUTLU, M.E., 
and WILSKA, K.: ‘Measuring the input impedance o f a quadrifilar 
helix antenna’. Microwave and optical technology letters, vol. 17, No. 
2, February 1998
PERINI, P.L., and HOLLOWAY, C.L.: ‘Angle and Space Diversity 
Comparisons in Different Mobile Radio Environments’. IEEE Trans. 
Antennas and Propagation, vol. 46, pp. 764-775, June 1998
PETROS, A., and LICUL, S.: ‘Folded Quadrifilar Helix Antenna’. 
IEEE Antennas and Propagation Society International Symposium, 
vol. 4, pp 569-572, 2001
POZAR, D.M.: ‘Microwave Engineering 2nd Edition’. John Wiley & 
Sons, p 196, 1998
RASHED, J., and TAI, C.T.: ‘A new class o f resonant antennas’. 
IEEE Trans. Antennas and Propagation, vol. 39, pp. 1428-1430, Sept. 
1991
ROBERT, A., GROPPELLI, J.J., OLESEN, R.C., and STANLAND, 
A.J.: ‘A band-switched resonant quadrifilar helix’. IEEE Trans. 
Antennas and Propagation, vol. 30, No. 5, pp. 1010-1013, July 1982
SAUNDERS, S.R.: ‘Antennas and propagation for wireless
communication systems’. Wiley 1999.
SAUNDERS, S.R.: ‘Antennas and propagation for wireless
communication systems’. Chapter 8, pp. 158, John Wiley & Sons 
1999.
200
■References
[Sau99b]
[Sau99c]
[Sha93]
[Sha94]
[Shu96]
[Suv99]
[Str97]
[Suv99a]
[Tag90]
SAUNDERS, S.R.: ‘Antennas and propagation for wireless
communication systems’. Chapter 17, pp. 366-368, John Wiley &
Sons 1999.
SAUNDERS, S.R.: ‘Antennas and propagation for wireless
communication systems’. Chapter 15, pp. 322, John Wiley & Sons
1999.
SHARAIHA, A., and TERRET, C.: ‘Analysis o f quadrifilar resonant 
printed helical antenna for mobile communications’. IEE Proceedings-
H, vol. 140, No.4, August 1993
SHADE, R.A., and KOWALSKI, A.M.: ‘Intelligent antennas for 
cellular communications’. Proceedings o f the adaptive antenna 
systems symposium’. Pp. 29-36,1994
SHUMAKER, P.K., HO, C.H., and SMITH, IC.B.: ‘Printer half­
wavelength quadrifilar helix antenna for GPS marine applications’. 
IEE Electronics Letters, vol. 32, No. 3, pp. 153-154, Feb. 1996
SUVANNAPATTANA, P., AGIUS, A.A., and SAUNDERS, S.R.: 
‘Methods for minimising quadrifilar helix antenna interactions with the 
human head’. Electromagnetic assessment and antenna relating to 
health implications o f mobile phones, EEE Colloquium, 28 June 1999, 
Savoy Place, London, UK.
STRANDELL, J. et. al.: ‘Experimental evaluation o f an adaptive 
antenna for TDMA mobile telephony system’. IEEE international 
symposium on personal indoor and mobile radio communications, vol.
I ,p p . 79-84, 1997
SUVANNAPATTANA, P., and SAUNDERS, S.R.: ‘Satellite and 
terrestrial mobile handheld antenna interactions with the human head’, 
IEE Proc. Microw. Antennas Propag., October 1999, 146, (5), pp.305- 
310
Taga T., “Analysis for mean effective gain o f mobile antennas in land 
mobile radio environments”, 1990, EEEE Trans. Veh. Tech.. vol 39, 
No. 3,117-131.
201
•References
[Ter93]
[Tso99]
[TsuOO]
[Wad91]
[War98]
[Wer03]
[Wlie47]
[Whe75]
TERRET, C., and SHARATHA, A.: ‘Dual layer resonant quadrifilar 
helix antenna’. U.S. Patent, US005255005, October 1993
TSOULOS, G.V.: ‘Smart antennas for mobile communications 
systems: benefits and challenges’. IEE Electronics and
Communication Magazine, vol. 11, No. 2, pp. 84-94, April 1999
TSUTOMU, E., YONEHIKO, S., SHINICHI, S., and TAKASHI, K.: 
‘Resonant Frequency and Radiation Efficiency o f Meander Line 
Antennas’. Electronics and Communications in Japan, Part 2, vol. 83, 
No. 1, 2000
WADELL, B.C.: ‘Transmission line design handbook’. Artech House, 
1991
WARNAGIRIS, T.J., and MINARDO T.J.: ‘Performance o f a 
meandered line as an electrically small transmitting antenna’. IEEE 
Trans. Antennas and Propagation, vol. 46, N o.12, pp. 1797-1801, Dec 
1998
WERNER, D.H., and GANGULY, S.: ‘An overview o f fractal antenna 
engineering research’. IEEE Antennas and Propagation Magazine, 
vol.45, No. 1, pp.38-57, Feb. 2003
WHEELER, H.A.: ‘Fundamental limitations o f small antennas’. 
Proceedings o f the I.R.E., vol. 35, pp. 1479-1482, Dec. 1947
WHEELER, H.A.: ‘Small Antennas’. IEEE Trans. Antennas and 
Propagation, vol. 23, pp. 462-469, Jul. 1975
202
